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GENERAL  INTRODUCTION 


Prostate  cancer  has  a  propensity  to  grow  in  the  skeleton  and  cause  significant 
morbidity.  Once  housed  in  bone,  prostate  cancer  is  incurable.  Bone  is  a  rich 
storehouse  of  growth  factors,  which  stimulate  signaling  in  metastatic  cancer  cells. 
Bone-derived  TGF(3  increases  tumor  secretion  of  factors  that  activate  bone 
remodeling,  fueling  a  vicious  cycle  (Figure  1),  which  drives  the  growth  and 
survival  of  prostate  bone  metastases.  In  prostate  cancer  cells,  TGF(3  signals 
through  two  receptor  subunits  and,  further  downstream,  p38  MAP  kinase. 
Hypothesis:  TGFyS  mediates  prostate  cancer  metastases  to  bone  via  p38  MAP 
kinase  pathway.  TGFfi  and/or  p38MAP  kinase  signaling  inhibitors  will  reduce  the 
development  and  progression  of  prostate  cancer  bone  metastases  to  bone.  Two 
orally  active  inhibitors  of  these  serine/threonine  kinases  will  be  tested  in  an 
animal  model  of  prostate  cancer  bone  metastases.  We  propose  three  Specific 
Aims.  Aim  1:  To 
test  a  TGF(3RI 
kinase  inhibitor 
and  a  p38  MAPK 
inhibitor  against 
three  human 
prostate  cancer 
models  of  skeletal 
metastasis  in  mice. 

Aim  2:  To 

determine  the 
molecular  targets 
of  these  inhibitors 
in  prostate  cancer 
cells  in  vitro  and 
test  their  impact  on 
tumor  growth  and 
bone  metastases 
in  vivo.  Aim  3:  To 
test  the  efficacy  of 
combined  TGF|3RI 
and  p38  MAP 
kinase  inhibitors 
against  three 
prostate  cancer 
models  in  vivo. 


TGF-p 
Cancer  Ceiis 


(g)(i 

Bone- 

derived 

Osteolytic 

Grov/th 

factors:  PTHrP, 

Factors 

IL-11,IL-8.  VEGF 
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/S  c 

Osteoblastic  Factors 


Growth  Factors 
IL-6.  CCN,  Wnts 


Osteoclasts 


Osteoblasts 

Mineralized  Bone  Matrix 


Figure  1:  The  Vicious  Cycle  between  cancer  and  bone.  Cancer  cells 
secrete  factors  that  stimulate  osteoblasts  to  proliferate,  differentiate  and 
secrete  growth  factors  that  are  deposited  into  bone  matrix  and  enrich  the 
tumor  microenvironment.  Tumor  cells  also  secrete  osteolytic  factors; 
many  via  osteoblast  production  of  RANK  ligand  (lollipops),  which  binds 
to  RANK  (Ys)  on  osteoclasts.  Growth  factors  released  from  bone  matrix 
by  osteoclastic  bone  resorption  further  enrich  the  local  mileau.  TGFB  may 
act  at  multiple  sites  of  the  vicious  cycle. 
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Summary  of  basic  progress  after  three  years  and  year  4  no  cost  extension: 

•  TGF(3RI  kinase  inhibitor  effective  against  osteolytic  bone  metastases 

•  TGF(3RI  kinase  inhibitor  ineffective  and  possibly  deleterious  against  osteoblastic 

bone  metastases. 

•  p38  MARK  inhibitor  ineffective  in  several  models  of  bone  metastases  and 

accelerates  PCS  bone  metastases.  Additional  experiments  with  this  class  of 
inhibitor  and  the  combined  treatments  proposed  in  Aim  3  have  consequently 
been  abandoned. 

•  Inhibition  of  TGF|3  signaling  without  effect  on  growth  of  tumors  at  soft  tissue  sites 

•  PMEPA1  identified  as  major  target  gene  of  TGFp  and  role  of  PMEPA1  as 

regulator  of  TGFp  signaling  found. 

•  Completion  of  histological  analyses  of  animal  models  with  bone  metastases  +/- 

treatments 

•  Test  of  PMEPA1  function  by  knockdown  in  prostate  cancer  cells  in  vitro  and  in 

vivo  in  a  mouse  model  of  bone  metastasis 
Tasks  Completed:  Included  as  an  Appendix  at  the  end  of  this  report  is  a 
reproduction  of  the  original  Statement  of  Work,  with  the  addition  of  a  status 
summary  for  each  of  the  23  originally-proposed  Tasks 

BODY  OF  REPORT 

Original  Background.  The  skeleton  is  a  major  site  of  metastasis  by  advanced 
prostate  cancer.  In  a  recent  year  220,900  cases  of  prostate  cancer  were 
diagnosed  in  the  United  States,  where  it  is  now  the  most  commonly  diagnosed 
cancer  and  the  second  most  common  cause  of  cancer  mortality  in  men,  with 
28,900  deaths  (Crawford,  2003).  One  fourth  of  diagnosed  patients  will  die  from 
the  disease,  the  majority  of  them  with  metastases  to  the  skeleton.  Once  cancer 
becomes  housed  in  bone,  it  is  incurable.  The  average  survival  from  time  of 
diagnosis  of  skeletal  metastases  in  prostate  cancer  patients  is  40  months.  When 
prostate  tumor  cells  metastasize  to  the  skeleton,  the  most  common  response  is 
osteoblastic:  characterized  by  net  formation  of  disorganized  new  bone,  which 
results  in  fractures,  severe  and  intractable  bone  pain,  and  nerve  compression. 
Metastasis  to  bone  thus  causes  prolonged,  serious  morbidity  for  many  prostate 
cancer  patients.  Treatment  to  prevent  or  halt  the  progression  of  bone  metastases 
(Reddi  et  al,  2003;  O’Keefe  and  Guise,  2003).  would  increase  survival  and 
improve  quality  of  life  for  men  with  prostate  cancer 

Transforming  growth  factor-^  in  cancer  is  a  two-edged  sword.  TGFp  is  a 
growth  inhibitor  and  a  tumor  suppressor  at  early  stages  of  the  oncogenic 
cascade.  However,  advanced  cancers  often  lose  the  growth  inhibition  by  TGFp 
but  continue  to  respond  to  the  factor.  The  net  effect  is  that  TGFp  is  a  metastasis 
enhancer  for  advanced  cancers.  Since  bone  is  a  major  source  of  active  TGFp, 
the  factor  plays  a  crucial  role  in  the  vicious  cycle  of  bone  metastases.  Blockade 
of  the  TGFp  pathway  effectively  decreases  metastases  in  several  animal  models 
(Yin  et  al,  1996;  Muraoka  et  al,  2002;  Yang  et  al,  2002). 
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Transforming  growth  factor-p  in  bone  is  released  from  mineralized  matrix  in 
active  form  by  osteoclastic  resorption  (Dallas  et  al,  2002),  which  is  very 
prominent  in  prostate  cancer  metastases.  TGFp  acts  on  tumor  cells  to  increase 
the  secretion  of  factors  that  inappropriately  stimulate  bone  cells  (Chirgwin  & 
Guise,  2003a, b).  The  interactions  between  bone  and  cancer  constitute  a  vicious 
cycle,  which  enhances  skeletal  metastases  (Mundy,  2002).  Extensive  data  show 
that  TGPp  is  a  major  bone-derived  factor  responsible  for  driving  the  vicious  cycle 
of  cancer  metastases  in  bone.  TGPp  increases  tumor  secretion  of  factors  such 
as  endothelin-1,  IL-6,  IL-11,  PTHrP,  and  VEGP.  These  factors  stimulate  both 
osteoblastic  synthesis  of  disorganized  new  bone  and  osteolytic  destruction  of  the 
skeleton  adjacent  to  tumor  cells.  The  cellular  and  molecular  components  of  the 
vicious  cycle  between  tumor  and  bone  offer  opportunities  for  therapeutic 
intervention  to  decrease  skeletal  metastases  (Coleman,  2002;  Guise  &  Chirgwin, 
2003a).  TGPp  in  particular  is  an  important  target  for  intervention  against  prostate 
cancer  skeletal  metastases. 

Therapy  to  biock  TGPp  signaiing  in  bone  metastases.  Previous  work  has 
demonstrated  the  effectiveness  of  TGF-|3  inhibition  to  decrease  metastases,  but 
these  experiments  have  used  protein-based  treatment  or  ex  vivo  manipulations 
of  the  tumor  cells  (Yin  et  al,  1996;  Muraoka  et  al,  2002;  Yang  et  al,  2002).  Orally 
active  small-molecule  inhibitors  of  the  TGPp  pathway  would  be  much  more 
practical.  This  proposal  will  test  two  inhibitors  of  serine/threonine  kinases.  The 
first  directly  targets  the  TGPp  receptor  kinase.  The  second  targets  p38  MAP 
kinase,  which  is  a  major  downstream  effector  of  TGFp  signaling  in  cancer  cells. 
Both  targets  are  serine/threonine  kinases.  Our  preliminary  data  show  that 
inhibition  of  TGFp  signaling  is  effective  in  an  animal  model  of  cancer  bone 
metastases.  The  work  proposed  will  test  the  two  serine/theronoine  kinases 
inhibitors  in  animal  models  of  human  prostate  cancer  in  bone:  one  in  which  the 
response  is  osteolytic,  two  others  in  which  it  is  osteoblastic.  The  experiments 
proposed  will  rapidly  provide  the  preclinical  data  necessary  for  these  two  drugs  to 
be  placed  in  clinical  trails  for  prostate  cancer  bone  metastases. 

Hypotheses:  1)  TGPp  mediates  prostate  cancer  metastases  to  bone  via  p38 
MAP  kinase.  Specific  serine/threonine  kinase  small-molecule  inhibitors  of  the 
type  I  TGPp  receptor  kinase  and  of  p38  MAP  kinase  will  reduce  the  development 
and  progression  of  prostate  cancer  metastases  to  bone,  due  to  either 
osteoblastic  or  osteolytic  diseases.  2)  Orally  active  inhibitors  of  these 
serine/threonine  kinases  will  be  effective  in  animal  models  of  prostate  cancer 
bone  metastases  to  decrease  metastases  and  tumor  burden  and  to  increase 
survival.  3)  The  two  drugs  may  be  more  effective  in  combination  than  singly,  if 
p38  MAP  kinase  also  mediates  TGPp-independent  metastatic  functions.  4) 
Specific  targets  of  TGF(3  signaling  in  prostate  cancer  cells  contribute  directly  to 
the  bone  phenotype  of  metastases.  One  such  factor  may  be  the  type  I 
membrane  protein  PMEPA1,  which  is  regulated  by  TGPp  and  expressed  by 
prostate  cancers.  5)  Expression  of  PMEPA1  on  the  surface  of  cancer  cells  will 
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increase  the  development  and  progression  of  prostate  cancer  metastases  to 
bone. 

Specific  Aim  1 :  To  determine  the  effect  of  TGF(3RI  kinase  or  p38  MARK 
blockade  separately  against  3  human  prostate  cancer  models  of  skeletal 
metastasis  in  mice  (hypotheses  1  &  2).  Data  provided  below  were  also  included 
in  the  previous  annual  progress  reports. 

Summary  of  Results  and  Challenges  Experienced:  We  tested  the  TGF|3RI 
kinase,  SD-208,  on  the  development  and  progression  of  bone  metastases  due  to 
PC-3  and  LuCAP23.1  prostate  cancers.  This  aim  has  taken  longer  than 
originally  planned  because  we  had  to  determine  long-term  pharmacokinetics  for 
drug  delivery  in  the  food.  50-100  mg/kg  of  SD-208  added  to  food  result  in  drug 
levels  effective  in  a  mouse  model  of  breast  cancer  metastases  to  bone.  In  the 
prostate  cancer  models  SD-208  reduced  osteolytic  bone  metastases  due  to  PC- 
3,  but  increased  osteoblastic  bone  metastases  due  to  LuCAP23.1 .  There  was  no 
effect  on  the  mixed  tumor,  C42B,  which  is  unresponsive  to  TGF|3.  The  p38MAP 
kinase  inhibitor,  SD-282  increased  bone  metastases  due  to  PC-3  prostate  cancer 
and  had  no  effect  on  LuCAP23.1  or  C42B.  Since  SD-282  had  no  positive  effects 
in  3  models,  we  will  not  pursue  Aim  3,  which  was  to  combine  SD-208  and  SD- 
282  treatments.  Further,  the  company  from  which  we  obtained  SD-208,  Scios, 
was  purchased  by  Johnson  &  Johnson  and  the  drug  development  program  was 
closed.  Therefore,  we  could  no  longer  obtain  SD-208  or  SD-282.  Since  SD-282 
had  no  effect  on  bone  metastases  due  to  C42B  or  LuCAP23.1  and  had  adverse 
effects  on  PC-3  bone  metastases,  we  did  not  pursue  other  studies  using  SD-282. 

This  unanticipated  loss  of  the  source  of  SD-208  presented  a  significant 
challenge  to  complete  the  proposed  aims  of  this  experiment.  However,  since 
TGF|3  inhibitors  are  in  clinical  trials  for  patients  with  all  types  of  bone  metastases, 
we  had  an  obligation  to  obtain  and  test  other  TGF|3  inhibitors.  Thus,  we 
established  collaborations  with  Lilly  (Dr.  Jonathan  Yingling)  and  Genzyme  (Dr. 
John  MacPherson).  The  current  clinical  trial  is  using  the  Lilly  TGF|3  receptor  I 
kinase  inhibitor;  we  have  tested  this  in  models  of  breast  cancer  and  melanoma 
and  found  it  to  be  effective.  Future  experiments  testing  this  drug  in  prostate 
cancer  bone  metastases  will  be  performed.  We  will  also  obtain  the  other  TGF|3 
inhibitor,  a  neutralizing  antibody,  1D11,  and  test  this  against  prostate  cancer 
bone  metastases  due  to  PC-3,  LuCAP23.1  and  C42B. 

Acquisition  of  material  transfer  agreements  with  Lilly  and  Genzyme  took 
significant  time.  Since  SD-208  showed  potential  deleterious  effects  against 
osteoblastic  bone  metastases  due  to  LuCAP23.1  in  a  small  experiment  (reported 
here),  we  pursued  other  avenues  to  obtain  SD-208,  during  the  time  it  took  to 
establish  collaborations  with  Lilly  and  Genzyme.  We  needed  large  quantities  of 
SD-208  to  perform  a  larger  experiment  to  confirm  the  possible  deleterious  effects 
of  TGFp  inhibition  with  SD-208  on  LuCAP23.1  osteoblastic  metastases. 
Therefore,  we  secured  services  from  the  chemical  synthesis  company,  Epichem, 
and  120  grams  of  SD-208  were  synthesized  for  use  in  vivo  experiments.  The 
cost  of  synthesis  was  upwards  of  and  outside  the  budget  of  this  DOD 
award  so  we  secured  other  funds  to  supplement  the  DOD  award.  Once  the  drug 
was  synthesized,  we  confirmed  its  biological  activity  in  vitro  and  in  vivo.  The 
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entire  process  of  SD-208  synthesis  and  testing  biological  activity  took  greater 
than  one  year.  When  we  submitted  the  DOD  award,  we  had  an  unlimited  supply 
of  SD-208,  at  no  cost.  Since  SD-208  is  no  longer  freely  available  from  Scios,  the 
time  and  money  needed  far  exceeded  what  we  originally  anticipated.  Thus,  the 
timeline  for  the  experiments  in  this  aim  was  extended,  requiring  the  no  cost 
extension  to  complete.  At  the  time  of  submission  of  this  report,  June  2009,  we 
have  just  completed  the  large  in  vivo  experiments  testing  SD-208  effects  on 
LuCAP23.1  and  C42B  and  are  in  the  process  of  analyzing  the  data.  In  this 
report,  we  report  detailed  analysis  of  the  smaller  experiment  for  LuCAP23.1. 
There  was  insufficient  tumor  take  in  the  C42B  experiment  to  perform  adequate 
statistical  analysis,  so  this  in  vivo  experiment  was  also  repeated  (C42B  +!-  SD- 
208),  with  larger  n,  and  is  under  analysis.  Finally,  it  should  be  noted  that  each  in 
vivo  experiment  utilizing  LuCAP23.1  or  C42B  takes  approximately  6  months  to 
achieve  adequate  tumor  volume  for  adequate  data  analysis.  SD-208  is  given  by 
daily  oral  gavage  and  requires  significant  technician  time. 

The  possible  deleterious  effects  of  TGF|3  inhibition  on  LuCAP23.1 
osteoblastic  tumors  could  be  due  to  effects  on  the  tumor  or  the  host.  LuCAP23.1 
is  a  xenograft  and  cannot  be  studied  in  vitro,  so  we  analyzed  histology  sections 
of  bone  metastases  or  RNA  extracted  from  tumor  tissue  for  evidence  of  TGF|3 
signaling.  Although  we  found  nuclear  phosphoSmad2  staining  in  bone 
metastases,  there  were  lower  levels  of  RNA  for  TGF|3  receptor  2  and  1  in 
LuCAP23.1  and  C42B  compared  with  osteolytic  tumors  PC-3  and  MDA-MB-231 . 
This  was  especially  true  for  receptor  2.  We  therefore  investigated  the  effects  of 
TGFp  blockade  on  normal  bone  remodeling  and  are  reported  intial  studies  in  a 
recently  published  manuscript  (Mohammad  et  al.,  PLoSONE,  2009).  These 
studies  show  that  TGFp  inhibition  has  distinct  effects  to  increase  bone  mass  and 
mineralization  by  increasing  osteoblast  differentiation  and  activity  as  well  as  to 
inhibit  osteoclast  formation  and  activity.  These  studies,  described  in  detail  below, 
were  undertaken  in  collaboration  with  Dr.  Tamara  Alliston  (UCSF)  and  Dr.  Robert 
Ritchie  (Berkley).  We  have  initiated  studies  to  further  dissect  the  molecular 
mechanisms  by  which  TGFp  acts  on  osteoblasts  and  how  this  will  affect 
osteoblastic  prostate  cancer  bone  metastases.  For  these  studies,  preliminary 
results  reported  here,  we  established  a  collaboration  with  Dr.  Neil  Bhowmick 
(Vanderbilt).  Our  new  data  show  that  osteoblasts  exposed  to  TGF(3  inhibition 
have  increased  production  of  canonical  Wnt  ligands,  Wnt3a  and  Wnt8b,  via 
STAT3.  Such  ligands  may  increase  bone  formation  and  affect  prostate  cancer 
growth  to  explain  why  TGFp  inhibition  may  affect  osteoblastic  tumors  differently 
than  osteolytic  tumors. 

Specific  Aim  2:  To  determine  the  molecular  targets  of  the  inhibitors  in 
prostate  cancer  cells  in  vitro  by  gene  array  analysis  (hypothesis  4).  The  role  of 
an  already-identified  target  of  TGFp,  PMEPA1,  will  be  tested  in  the  animal 
models  by  overexpressing  it  in  2  prostate  cancer  cell  lines  (hypothesis  5). 
Summary  of  Results:  Gene  array  targets  of  TGFp  on  PC-3  prostate  cancer  were 
validated  by  quantitative  real-time  PCR  and  were  described  in  the  progress 
report  for  year  one.  We  found  that  PMEPA1  is  expressed  in  three  different 
isoforms,  which  may  have  different  subcellular  localizations  and  biological 
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activities.  We  altered  the  design  of  this  aim  based  on  data  acquired  during  the 
funding  periond.  Since  PMEPA1  is  already  overexpressed  in  PC-3  cells,  we 
constructed  knockdown  rather  than  overexpression  clones.  Stable  knockdown 
cell  lines  have  been  made  and  characterized  in  vitro  and  in  vivo.  Knockdown  of 
PMEPA1  in  PC-3  prostate  cancer  cells  caused  a  reduction  in  bone  metastases  in 
vivo.  Characterization  of  the  complex  PMEPA1  promoter  is  complete. 

Specific  Aim  3:  To  test  the  efficacy  of  combined  T^RI  and  p38  MAPK 
inhibitors  against  3  prostate  cancer  models  in  vivo  (hypothesis  3). 

Summary  of  Results:  Since  the  p38  MAPK  inhibitor  was  entirely  without  benefit  in 
Aim  1 ,  combination  trials  with  this  drug  would  be  a  pointless  waste  of  research 
animals  and  this  Aim  will  not  be  pursued.  This  was  indicated  in  last  year’s 
progress  report.  We  utilized  resources  and  directed  efforts  at  characterization  of 
the  effects  of  TGF|3  inhibition  on  normal  bone  remodeling,  as  described  above  in 
summary  for  Aim  1. 

RESULTS: 

Aim  1:  The  p38MAP  kinase  inhibitor,  SD-282,  acceierated  deveiopment  of 
osteoiytic  iesions  due  to  PC-3  prostate  cancer  (Figure  2).  TGF-p  activates 
the  Smad  signaling  pathway  but  can  also  act  through  Smad-independent 
pathways  including  p38,  a  member  of  the  mitogen-activated  protein  (MAP) 
kinase  family,  which  is  activated  in  response  to  inflammatory  and  environmental 
stresses.  We  tested  an  ATP-competitive  inhibitor  selective  for  p38a  MAP  kinase, 

the  indole-5-carboxamide  SD-282  in 
several  animal  models  of  bone 
metastases.  SD-282  prevents  bone 
loss  and  inhibits  osteoclastogenesis  in 
several  experimental  settings  and 
decreases  tumor  growth  in  an  animal 
model  of  multiple  myeloma,  where  it 
decreases  the  phosphorylation  of  p38. 
We  tested  SD-282  on  bone  metastases 
caused  by  PC-3  prostate  cancer  and 
MDA-MB-231  breast  cancer  cells  (both 
giving  osteolytic  lesions,  but  data  only 
shown  for  PC-3  prostate  cancer)  and 
the  osteoblastic  prostate  cancer 
xenograft  LuCaP  23.1.  Nude  mice 
were  treated  with  30  or 
90mg/kg/twice/day  of  SD-282  by 
gavage.  Treatment  was  started  after 
detection  of  lesions  by  x-ray.  In  MDA- 
MB-231  tumor-bearing  mice,  SD-282 
increased  osteolytic  lesion  area,  as  assessed  by  computerized  image  analysis  of 
radiographs,  at  either  30mg/kg  (p=0.0056)  or  90mg  (p=0.0012)  doses. 
Histomorphometry  showed  that  in  SD-282-treated  mice  there  was  a  tendency 
towards  an  increase  in  tumor  burden  in  accompanied  by  a  reduction  in  total  bone 


p38MAPK  Inhibition  ^  PC-3  Bone  Metastases 
8  Weeks  Post  tumor  Inoculation 


Vehicle  SD-282  30mg/kg/  SD-282  90mg/kg/ 

Twice/day-gavage  Twice/day-gavage 


Figure  2:  pSSMAPK  inhibitor  SD-282  and 

PC-3  bone  metastases.  Representative 
radio-graphs  (4X  magnification)  of  legs 
from  mice  with  PC-3  prostate  cancer  cells 
8wks  post  tumor  inoculation.  Larger 
osteolytic  bone  lesions  in  mice  treated  with 
SD-282  (right  2  panels)  compared  to 
vehicle  (left  panel). 
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area.  No  change  in  osteoclast  number  at  the  tumor:bone  interface  was  noted.  In 
PC-3  tumor-bearing  mice,  SD-282  similarly  increased  osteolytic  bone 
destruction,  as  assessed  by  computerized  image  analysis  of  radiographs,  with 
either  30mg/kg  (p=0.0152)  or  90mg  (p=0.0419)  doses  of  the  drug  (Figures  2-4). 
However,  in  mice  with  LuCaP23.1  prostate  xenografts  SD-282  had  no  effect  on 
bone  lesions,  as  assessed  by  x-ray.  (Figures  5,6)  The  results  with  the  two 
osteolytic  metastasis  models  are  opposite  to  those  predicted  from  the  known 
effects  of  SD-282  on  bone  and  on  myeloma  cells.  They  suggest  that  p38  MAP 
kinase  may  not  be  a  useful  drug  target  for  treatment  of  bone  metastases  and  that 
small  molecule  inhibitors  of  p38  MAPK  may  worsen  osteolytic  metastases  by 
unknown  and  tumor-specific  mechanisms. 

TGPPRI  kinase  inhibitor  reduced  osteolytic  bone  metastases  due  to  PC-3 
prostate  cancer.  In  contrast  (and  similar  to  results  observed  with  osteolytic  breast 
cancer  model,  MDA-MB-231  but  not  shown),  the  TGPpRI  kinase  inhibitor,  SD- 
208,  reduced  osteolytic  bone  metastases  and  improved  survival  in  mice  bearing 
PC-3  prostate  cancers  (both  treatment  and  prevention  protocols  (Figure  2,  3). 
Conclusion:  Taken  together  with  data  that  a  p38MAPK  inhibitor  was  ineffective 
and  even 
increased 
PC-3  and 
MDA-MB-231 
bone 

metastases,  it 
may  be  better 
to  target  the 
Smad 

pathway  than 
total  TGFp 
signaling. 

The  latter 
may  be  less 
effective,  if 
downstream 
p38MAP 
kinase 
blockade 
adversely 
affects  bone 
metastases. 
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SD-282  Accelerates  Weight  Loss  Due  to  PC-3 


vs  SD-282  30  mg  p=ns 
Vefikx  vs  SD-282  9D  mg  0001 
SD-2S2  30  mg  vs  SD-2a2  9Q  rrq  jKO.DOO 


Ekudy  Weight 


gun 


^0“Veliiclfl 
—  SO  282  Mrng 
$0-282  SOmg 


Figure  4:  Weight  loss  due  to  PC-3  prostate  cancer  is  increased  with 
the  p38  MAP  kinase  inhibitor  SD-282. 


LuCap23.1  10  weeks  Post-tumor  Inoculation 


Vehicle  SD-2fl2  SOm/kg/  SD-2fl2  90m/kg/ 

twiceyday  gavage  twice/day  gavage 


Figure  5  I  Representative  radiographs  (4X  magnification)  of  the  lower 
extremity  from  mice  bearing  LuCap23.1  prostate  cancer  xenograft  10  weeks  post 
tumor  inoculation  intra-tibialy.  No  difference  in  osteoblastic  bone  lesion  in 
vehicle  treated  mice  (left  panel)  versus  mice  treated  with  SD-282  at  2  different 
doses  (right  2  panels) 
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LuCap23.1 

Grading  of  Osteoblastic  Area  of  X^ray 
SD>2S2  has  no  Effect 


TAG  197  lesion  on  jt^-ay-B 


•  vehk:le 

a  $C>-2BZ  3<]Tfig.'kg/d 

*  SD-2e2  Mfng.'kg^d 


Figure  6:  Radiographic  assessment  of  LuCAP23.1  bearing  mice  treated 
with  SD-282  shows  no  effect. 


Part  2:  TGPpRI  kinase  inhibitor  has  no  effect  and  possibiy  acceierates 
osteobiastic  bone  metastases  due  to  prostate  cancer  LuCAP23.1,  white 
having  beneficiai  effects  to  reduce  osteotysis  due  to  PC-3  prostate  cancer. 

TGFp  has  been  implicated  in  the  pathogenesis  of  prostate  cancer  metastases  to 
bone,  so  we  tested  SD-208  in  a  models  of  human  prostate  cancer,  PC-3 
osteolytic  bone  metastases  and  LuCAP23.1,  which  grows  as  osteoblastic  lesions 
when  directly  injected  into  bone.  LuCAP23.1  (obtained  from  our  collaborator, 
Robert  Vessella,  University  of  Washington)  is  an  androgen-sensitive,  PSA- 
producing  human  tumor  derived  from  an  osteoblastic  bone  metastasis.  It  causes 
osteoblastic  lesions  in  10-12  weeks. 

Male  nude  mice  were  inoculated  into  the  left  cardiac  ventricle  with  PC-3  cells 
(10^  cells,  n=1 1-1 4/group)  to  cause  osteolytic  metastases.  Immunostaining  of 
tissue  sections  of  PC-3  bone  metastases  showed  that  nuclear  localization  of 
phosphorylated  Smad2  and,  therefore,  that  TGF-3  signaling  is  activated  in  PC-3 
cells  at  sites  of  bone  metastases.  Mice  were  treated  with  SD-208  (50mg/kg/d  po) 
or  a  vehicle  and  followed  by  x-ray.  SD-208  did  not  decrease  bone  metastases 
incidence  compared  to  vehicle  (vehicle  10/11  vs  SD-208  12/14).  However  SD- 
208  decreased  progression  of  PC-3  bone  metastases  as  measured  by 
radiographic  osteolytic  area  compared  to  vehicle-treated  mice  (6.7±3.3mm2  vs 
15.3±2.8mm^,  P<0.05)  and  increased  mouse  survival  (57  to  69  days  median 
survival,  P<0.05)  (Figure  7,  8). 
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To  study  osteoblastic  metastases,  we  inoculated  cells  from  the  LuCap  23.1 
human  prostate  cancer  xenograft  in  the  tibia  of  nude  mice  (2x10^  cells,  n=14- 
1 6/group).  Similar  to  PC-3,  immunostaining  of  phosphorylated  Smad2 
demonstrated  that  TGF-p  signaling  is  active  in  LuCap  cells  at  site  of  bone 

metastases.  However  a 
treatment  with  SD-208 
(50mg/kg/d  po)  did  not 
decrease  metastases 
incidence,  nor  the  skeletal 
tumor  burden  measured  by 
histomorphometry 
compared  to  vehicle- 
treated  mice.  New  bone 
formation  induced  by 
LuCAP23.1  tumor  in  tibia 
was  not  increased  by  SD- 
208  while  bone  mineral 
density  measured  in 
vertebra  free  of  tumor  cells 
was  increased  by  SD-208 
(270%  increase  of  BV/TV, 
P<0.01)  (Figures  9-11). 
Serum  PSA  was  not 
statistically  different 

between  the  treatment  and 
control  groups,  however, 
since  the  tumors  did  not 
take  at  the  expected  rate, 
the  experimental  power 
was  less  than  originally 
planned  (Figure  12). 


B  Osteolysis  area  (mm  J  C%  Survival 


Time  (days)  Time  (days) 


Figure  7.  SD-208  prevents  PC-3  bone  metastases.  Mice 
inoculated  i.c.  with  10^  cells  PC-3  cells  &  given  50mg/kg  SD- 
208  (n=14)  or  vehicle  (n=ll)  2d  prior  to  inoculation.  A.  X-rays 
(4X  mag)  of  distal  femur  &  proximal  tibia.  Arrows  point  to 
osteolytic  lesions.  B.  Osteolytic  lesion  area.  Ave  +  SE,  by  2-way 
ANOVA.  C.  Kaplan-Meier  survival  curves. 
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B  Osteolysis  area  (mm  J  C  %  Survival 


Our  results  show  that  although 
TGF-p  signaling  inhibition  with 
SD-208  increases  bone 
formation,  it  did  not  increase 
the  osteoblastic  reaction  of 
bone  metastases.  This  is 
despite  early  radiographic 

evidence  that  such  metastases 
were  accelerated.  However 
SD-208  effectively  inhibited 

osteolytic  metastases  due  to 

PC-3  prostate  cancer  cells. 
Therefore  TGF-p  blockade 
should  be  an  efficient 

therapeutic  modality  to  treat  a 
wide  range  of  bone 
metastases  that  have  a 
predominant  osteolytic  rather 
than  osteoblastic  phenotype. 
The  data  from  this  single 
experiment  suggest  no  benefit 
or  detrimental  effects  of  TGF-|3 
blockade  n  osteoblastic  bone 
metastases,  but  tumor  take 
rates  were  lower  than 
expected.  Therefore,  to 
confirm  these  experiments,  we 
just  completed  a  larger  study 
with  similar  experimental  design.  Preliminary  qualitative  data  are  consistent  with 
the  first  study.  We  are  currently  processing  the  bones  to  perform  quantitative 
bone  histomorphometry.  The  laboratory  is  moving  to  Indiana  University  on  July 
15,  2009,  and  final  analysis  cannot  be  completed  before  the  move.  Once  the 
new  laboratory  is  equipped,  we  will  complete  final  analysis. 
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Figure  8:  Treatment  of  established  PC-3  bone 
metastases  with  SD-208.  As  in  Figure  18,  except  mice  given 
50mg/kg  SD-208  (n=13)  or  vehicle  (n=12)  beginning  at  d28, 
when  metastases  seen  on  X-ray. 
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Figure  9:  TGF-p  Inhibition  with  SD-208  has  no  effect  on  LuCaP  23.1.  4-week 
old,  male,  athymic  mice  were  inoculated  into  the  tibias  with  LuCaP  23.1  human 
prostate  cancer  osteoblastic  xenograft  (n=  14- 15/group).  Mice  received  SD-208  (50  or 
150mg/kg/day,  po)  at  12  weeks  post  tumor  inoculation  when  tumors  were  evident 
and  continued  for  26  weeks  for  the  protocol. 
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Figure  10:  TGF-p  Inhibition  with  SD-208  Does  not  Increase 
Bone  Formation  and  Tumor  Growth  in  the  LuCaP  23.1  Model. 

4-week  old,  male,  athymic  mice  were  inoculated  into  the  tibias  with 
cells  from  the  LuCaP  23. 1  human  prostate  cancer  osteoblastic 
xenograft  (n=  14- 15/group).  Mice  received  SD-208  (50  or 
150mg/kg/day,  po)  or  vehicle  starting  3  days  prior  to  cancer  cell 
inoculation  and  throughout  the  protocol.  Hind  limbs  were  removed 
from  mice  inoculated  with  LuCap23.1  at  death,  fixed  in  10% 
formalin,  decalcified  in  14%  EDTA  and  embedded  in  paraffin. 
Sections  were  stained  with  H&E  to  assess  new  bone  formation  (left 
panel)  and  skeletal  tumor  burden  (right  panel)  using  the  MetaMorph 
imaging  analysis  system.  Results  are  shown  as  the  average  +  SEM 
and  groups  were  compared  using  a  1-way  ANOVA  test. 


Figure  11:  TGF-p  Inhibition  Increases  Bone  Mineral  Density  in  Cancer-Free 
Vertebras  in  the  LuCaP  23.1  Mouse  Model.  The  thoraco-lumber  vertebrae  were 
removed  from  mice  inoculated  with  LuCap23.1  at  death,  fixed  in  10%  formalin, 
decalcified  in  14%  EDTA  and  embedded  in  paraffin.  Sections  were  stained  with 
H&E  to  assess  skeletal  tumor  burden  and  new  bone  formation  using  the 
MetaMorph  imaging  analysis  system.  A.  Representative  sections  of  vertebra.  B. 
Quantification  of  trabecular  bone  volume  (BV/TV)  on  tissue  sections  (Average  + 
SEM).  Groups  are  compared  using  a  1-way  ANOVA  test  and  a  Dunnetfs  multiple 
comparison  post-test. 
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Figure  12:  SD-208  Does  not  Increase  PSA  Blood  Level  in  the  LuCaP  23.1 
Mouse  Model.  LuCaP  23.1  cells  secrete  the  prostate  specific  antigen  (PSA), 
which  was  measured  in  the  plasma  of  mice  using  a  human  PSA  ELISA  kit 
according  to  the  manufacturer's  instructions  (ANOGEN).  Results  are  shown  as 
a  scattered  plot  and  groups  were  compared  using  a  1-way  ANOVA. 
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Figure  13:  Activated  Smad  Pathway  in  PC-3 
and  LuCap  23.1  Cells  in  Bone. 
Phosphorylated  Smad2  is  localized  in  the 
nucleus  of  PC-3  and  LuCap23.1  prostate  cancer 
cells  in  mouse  bones.  Bone  tissue  sections  were 
stained  using  a  rabbit  polyclonal  antibody  against 
phosphorylated  Smad2  Ser465/467  (dilution 
1:500;  Cell  Signaling  Technology)  with  a 
biotinylated  goat  anti-rabbit  antibody  (1:2000 
dilution,  Chemicon)  and  the  Vectastain  Elite 
ABC  kit  (Vector  Laboratories) 
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Tgfbri  mRNA  level  (vs  MDA>MB-231) 
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Figure  14:  Expression  of  TGF-P  receptor  type  I  and  II  in  cancer  cells. 

Lucap  23.1,  Lucap  23  lAJ  sl6,  Lucap  35  pl05  s6  and  Lucap  35  vs44  human  prostate  cancer  cells 
were  maintained  in  SCID  mice.  Tumor  were  harvested  and  fragments  were  conserved  at  -80°C  in 
RNA  later  (Qiagen)  until  RNA  extraction.  MDA-MB-23 1  human  breast  cancer  cells  and  PC-3, 
DU145,  LnCap,  C4-2  and  C4-2B  human  prostate  cancer  cells  were  grown  in  DMEM  or  RPMI  media 
supplemented  with  10%  heat  inactivated  LBS  until  the  cell  monolayer  reach  near  confluency.  Total 
RNA  from  cancer  cells  grown  in  vitro  and  in  vivo  was  extracted  using  a  GenElute™  Mammalian 
Total  RNA  kit  (Sigma  Aldrich)  according  to  the  manufacturer's  instructions.  RNA  from  each  sample 
(500ng)  was  reverse  transcribed  using  the  enzyme  Superscript  II  (Invitrogen)  according  to  the 
manufacturer’s  instructions  and  anchored  oligo(dT)  (Thermo  Scientific)  for  priming.  The  resulting 
cDNAs  were  then  processed  for  real-time  PCR  using  QuantiTect  SYBR  Green  PCR  Kit  (Qiagen). 
Reactions  were  carried  out  in  a  MyiQ™  Single-Color  Real-Time  PCR  Detection  System  (BioRad, 
Hercules,  CA)  for  45  cycles  (95°C  for  Imin,  60°C  for  30sec,  72°C  for  30sec)  after  an  initial  15-min 
incubation  at  95°C.  Sequences  of  the  primers  for  Tgfbri  (NM_004612)  were  as  followed:  sense  5’- 
GATGGGCTCTGCTTTGTCTC-3’,  antisense  5’-CAAGGCCAGGTGATGACTTT-3”,  and  for 
Tgfbr2  (NM_001024847  )  were  as  followed:  sense  5'-TTTTCCACCTGTGACAACCA-3',  antisense 
5'-GGAGAAGCAGCATCTTCCAG-3'.  Target  gene  expression  was  normalized  against  the 
housekeeping  gene  RPL32  (Ribosomal  protein  L32,  NM_001007073  ,  sense  5’- 

CAGGGTTCGTAGAAGATTCAAGGG-3  ’ ,  antisense  5  ’  -CTTGGAGGAA ACATTGTGAGCGATC- 
3’).  Considering  the  possible  presence  of  mouse  RNA  in  the  Lucap  tumors,  the  specificity  of  primers 
for  human  RNA  was  tested  against  mouse  RNA.  None  of  the  pairs  of  primers  used  gave  any 
amplification  products  using  mouse  RNA.  Samples  were  analyzed  in  triplicates  and  2  to  3  Lucap 
tumors  were  collected  for  each  variants.  Relative  quantities  of  RNA  were  calculated  against  a 
standard  curve  prepared  with  diluted  cDNA.  Samples  were  analyzed  in  triplicates,  and  relative 
quantities  are  expressed  as  the  average  +  SEM  against  MDA-MB-23 1.  Values  indicate  the  relative 
average  level  of  mRNA. 


TGF^  blockade  increases  bone  mass  due  to  effects  on  osteoblasts  and 
osteoclasts.  Since  our  original  data  suggested  that  TGPpRI  kinase  inhibition 
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may  worsen  osteoblastic  metastases,  we  determined  the  effect  of  TGF(3 
inhibition  on  normal  bone  cell  function.  We  have  new  data  that  SD-208  has  direct 
effects  to  increase  osteoblast  activity.  This  host  response  to  the  drug  could 
accelerate  osteoblastic  disease  in  prostate  cancer. 

The  possible  deleterious  effects  of  TGF|3  inhibition  on  LuCAP23.1 
osteoblastic  tumors  could  be  due  to  effects  on  the  tumor  or  the  host.  LuCAP23.1 
is  a  xenograft  and  cannot  be  studied  in  vitro,  so  we  analyzed  histology  sections 
of  bone  metastases  or  RNA  extracted  from  tumor  tissue  for  evidence  of  TGF(3 
signaling.  Although  we  found  nuclear  phosphoSmad2  staining  in  bone 
metastases,  there  were  lower  levels  of  RNA  for  TGF|3  receptor  2  and  1  in 
LuCAP23.1  and  C42B  compared  with  osteolytic  tumors  PC-3  and  MDA-MB-231. 
This  was  especially  true  for  receptor  2,  and  it  is  not  clear  what  amount  of  TGF|3 
signaling  is  active  in  LuCAP23.1  (Figure  12,  13).  We  have  initiated  studies  to 
determine  TGF|3  signaling  in  vivo,  and  these  will  be  completed  once  we  have 
moved  to  Indiana  University.  We  therefore  investigated  the  effects  of  TGFp 
blockade  on  normal  bone  remodeling  and  are  reported  initial  studies  in  a  recently 
published  manuscript  (Mohammad  et  al.,  PLoSONE,  2009).  These  studies  we 
performed  with  Dr.  Tamara  Alliston  (UCSF)  and  Dr.  Robert  Ritchie  (Berkley) 
show  that  TGF|3  inhibition  has  distinct  effects  to  increase  bone  mass  and 
mineralization  by  increasing  osteoblast  differentiation  and  activity  as  well  as  to 
inhibit  osteoclast  formation  and  activity  (described  in  greater  detail  below).  We 
have  initiated  studies  to  further  dissect  the  molecular  mechanisms  by  which 
TGF|3  acts  on  osteoblasts  and  how  this  will  affect  osteoblastic  prostate  cancer 


Figure  15:  (A)  Histomorphometry.  SD-208  60  or  20mg/kg/d  significantly  increased  trabecular  bone  volume 
(TBV).  (B)  Osteoclast  number  reduced  by  both  doses.  (C)  20mg/kg/d  increased  osteoblast  number  vs.  vehicle. 
(D)  Bone  histology  (H&E):Mid-sagital  femur  at  5x  (upper)  &  lOx  (lower). 
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bone  metastases.  For  these  studies,  preliminary  results  reported  here,  we 
established  a  collaboration  with  Dr.  Neil  Bhowmick  (Vanderbilt).  Our  new  data 
show  that  osteoblasts  exposed  to  TGF|3  inhibition  have  increased  production  of 
canonical  Wnt  ligands,  WntSa  and  WntSb,  via  STATS.  Such  ligands  may 
increase  bone  formation  and  affect  prostate  cancer  growth  to  explain  why  TGFp 
inhibition  may  affect  osteoblastic  tumors  differently  than  osteolytic  tumors.  We 
have  just  submitted  a  new  U01  proposal  with  Dr.  Bhowmick  to  investigate  the 
role  of  osteoblast-derived  Wnt  ligand  production  on  tumor  growth  in  vivo. 

TGF-p  signaling  blockade  increases  bone  mass,  osteoblast  differentiation 
and  bone  formation  ,  while  decreasing  osteoclast  formation  and 
resorption.  Pharmacologic  approach  with  SD-208:  We  observed  in  mice  with 
bone  metastases  that  TGF-p  blockade  had  effects  to  increase  bone  at  sites 
unaffected  by  tumor,  so  we  next  determined  the  effects  of  pharmacological  TGFp 
receptor  blockade  on  bone  remodeling.  Nude  mice  treated  with  SD-208  (20  or 
60  mg/kg  po  qd)  for  4  weeks  had  increased  bone  mineral  density  (by  DXA),  at 
the  tibia,  femur  and  total  body  sites.  Bone  histomorphometry  revealed  an 
increase  in  trabecular  bone  volume,  increased  osteoblast  and  reduced  osteoclast 
numbers  (Figure  15).  Blockade  of  TGFp  signaling  with  SD-208  in  a  human 
osteoclast  culture  inhibited  in  vitro  bone  resorption,  independent  of  the  effect  on 
osteoclast  number.  Further,  TGFp  impaired  osteoblast  differentiation;  this  was 
blocked  by  SD-208  (Figure  16).  Since  T  cells  have  been  shown  to  impact  bone 
remodeling  more  detailed  studies  were  performed  in  immunocompetent  mice 
(Mohammad  et  al,  PLoSONE,  2009).  To  examine  the  role  of  TGF-p  in  the 
maintenance  of  the  postnatal  skeleton,  we  evaluated  the  effects  of 
pharmacological  inhibition  of  the  T(3RI  kinase  on  bone  mass,  architecture  and 
material  properties.  TpRI  blockade  increased  bone  mass  and  multiple  aspects  of 
bone  quality,  including  trabecular  bone  architecture  and  macro-mechanical 
behavior  of  vertebral  bone.  This  was  associated  with  increased  osteoblast 
differentiation  and  bone  formation,  and  reduced  osteoclast  differentiation  and 
bone  resorption.  Furthermore,  there  was  increased  expression  of  Runx2  and 
EphB4,  which  promote  osteoblast  differentiation,  and  ephrinB2,  which 
antagonizes  osteoclast  differentiation.  Through  these  anabolic  and  anti-catabolic 
effects,  TpRI  inhibitors  coordinate  changes  in  multiple  bone  parameters, 
including  bone  mass  and  mineralization  that  collectively  increase  bone  fracture 
resistance. 
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TGF-B  mediated  Wnt  regulation  in  osteoblasts.  Our  collaborator,  Neil 
Bhowmick,  previously  reported  that  TGF-B  down  regulates  STATS  activity.  StatS 
promoted  WntSa  transcriptional  in  prostate  stromal  cells  (Li  et  al,  2008). 
Promoters  of  eight  of  the  nine  canonical  Wnt  isoforms  (Wnt2,  2b,  3,  3a,  6,  7b,  8a, 
and  8b).  contain  similar  StatS  binding  motifs  in  their  promoters.  We  screened 
primary  osteoblasts  for  expression  of  canonical  Wnt  isoforms  in  response  to  SD- 
208.  PCR  suggested  WntSa  and  Wnt8b  were  the  most  abundant  Wnt  ligands 
expressed  by  primary  mouse  osteoblasts.  Wnts  were  induced  by  SD-208  and 
inhibited  by  TGF-B  (Figure  17).  StatS  expression  is  critical  for  WntSa  expression 
and  likely  Wnt8b.  Expression  of  the  StatS  antagonist,  StatIPI,  was  reduced  two¬ 
fold  in  primary 
osteoblasts 
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Figure  16:  TGFp  blockade  &  osteoblast  &  osteoclast  differentiation  & 
activity.  Human  mesenchymal  cells  incubated  14d  in  osteogenic  medium 
+lng/niL  TGFp  +  vehicle  (DMSO)  or  SD-208,  then  lysed  and  assayed  for  alkaline 
phosphatase  (A)  or  stained  with  alizarin  red,  photographed  to  visualize  bone 
nodules  (C),  &  stain  solubilized  &  measured  at  562nM  (B).  (D)  SD-208  inhibits 
in  vitro  bone  resorption.  Human  osteoclast  precursors  in  OsteoAssay  plates 
treated  5d  with  M-CSF  +  sRANKL,  then  cultured  6d  +  100  or  300nM  SD-208,  and 
media  assayed  by  CTX  ELISA  normalized  to  TRAP  to  control  for  osteoclast 
number.  N  =  3-4,  */?  <  0.001,  <  0.004. 
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TGF-fi  signaling  inhibits  Wnt3a  expression 
in  a  stats  dependent  manner 
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Figure  17.  WntSa  expression  is  down  regulated  by  TGF-B  in  prostate  stromal  cells. 
Paracrine  WntSa  signaling  promote  epithelial  transformation.  WntSa  promoter 
analysis  suggested  Stat  transcription  factor  binding  consensus  sites.  ChIP  analysis 
suggested  greater  StatS  binding  to  the  WntSa  -854  and  -S542  promoter  elements  in 
Tgfbr2^^P^^  stromal  cells  compared  to  Xgfbr2^°''^^^^°''^^  stromal  cells.  Western  blotting 
for  WntSa  following  siRNA-knockdown  of  StatS  in  Tgfbr2^^^^^  stromal  cells  showed 
inhibition  of  WntSa  expression.  The  scrambled  (Scmb.)  siRNA  did  not  affect  WntSa 
expression.  (Li  et  al.,  2008a). 


Collectively,  these  data  from 
pharmacologic  and  genetic 
mouse  models  of  TGF-B 
blockade  indicate  that  TGF-|3 
has  direct  effects  to  inhibit 
osteoblast  differentiation. 
The  effects  of  TGF-|3  to 
stimulate  osteoclast  activity 
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Figure  18.  WntSa,  Wnt8b,  and  StatIPl  mRNA  expression 
is  up  regulated  by  SD208.  Quantitative  realtime  RT-PCR 
revealed  antagonism  of  TGF-B  signaling  induced 
canonical  Wnt  expression,  but  reduced  StatIPl  expression 
proportionately  in  primary  osteoblasts.  TGF-B  inhibits 
Wnt  signaling  in  a  StatS  dependent  manner. 


appear  to  be  direct,  as  evidenced  by  reduced 
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osteoclast  activity  in  mice  with  targeted  osteoclast  deletion  of  T|3RII.  Since  mice 
with  osteoblast  deletion  of  T|3RII  also  have  reduced  osteoclast  activity,  there 
appear  to  be  indirect  effects  as  well.  These  effects  of  TGF-(3  on  bone  cells  add 
an  additional  level  of  complexity  to  our  understanding  of  the  role  of  TGF-|3  in  the 
pathophysiology  of  bone  metastases  (Figure  19)  and  have  important  implications 
to  treat  patients  with  bone  metastases.  TGF-(3  inhibitors  could  have  differential 
effects  on  tumor  metastases,  depending  on  the  osteolytic  or  osteoblastic 
phenotype. 


We  tested  SD- 
208  on  bone 
metastases  due 
to  the  mixed 
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Figure  19:  TGF-P  effects  on  bone  in  the  context  of  metastases.  In  addition 
to  effects  on  cancer  cells,  TGF-p  acts  on  osteoclasts  to  stimulate  bone  resorption,  and 
osteoblasts  to  inhibit  differentiation.  These  effects  could  further  promote  tumor 
growth  in  bone. 


osteolytic/osteoblastic  tumor  C42B.  No  effect  was  observed  in  treated  compared 
to  control  animals.  Quantitative  histomorphometry  is  underway  on  bones  from 
all  experiments. 


Aim  2:  Identification  of  PMEPA1  as  a  major  target  gene  of  TGFp  in 
metastatic  cancer  cells  and  analysis  of  role  of  PMEPA1  in  TGFp  signaling. 

We  previously  identified  the  PMEPA1  gene  as  the  most  highly  upregulated  gene 
in  prostate  cancer  cells  treated  with  TGF|3.  The  background  on  this  protein  is 
provided  in  the  previous  report.  The  protein  sequence  suggests  that  the  protein 
could  regulate  intracellular  signaling  in  particular  via  the  TGF|3  pathway.  Data 
are  now  provided  to  uspport  this  hypothesis. 

PMEPA1  is  expressed  in  cell  lines  that  cause  bone  metastases.  Using 
RT-PCR,  we  found  that  PMEPA1  is  expressed  in  different  PrCa  cell  lines,  LnCap, 
C4-2B  and  DU145,  the  BrCa  cells  MDA-MB-231  and  the  lung  adenocarcinoma 
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PMEPA1  is  Expressed  in  Bone  Metastatic  Cancers 
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Figure  20;  PMEPA1  is  expressed  in  cell  lines  that  cause  bone  metastases.  RT-PCR,  showed 
that  PMEPA1  was  expressed  in  different  PrCa  cell  lines,  LnCaP,  C4-2B  and  DU145,  BrCa  MDA-MB- 
231  and  lung  adenocarcinoma  A549.  The  hepatocarcinoma  HepG2  did  not  express  detectable 
PMEPA1.  When  cells  were  treated  with  TGF-p  for  24  hours,  PMEPA1  mPNA  was  increased  in  most 
of  the  cells  but  not  in  LnCaP  or  in  its  derivative  C4-2B.  However  LnCaP  and  C4-2B  are  TGF-p 
insensitive. 


A549.  The  hepatocarcinoma  HepG2  did  not  express  detectable  PMEPA1.  When 
cells  were  treated  with  TGF-3  for  24  hours,  PMEPA1  mRNA  was  increased  in 
most  of  the  cells  but  not  in  LnCaP  or  in  its  subclone  C4-2B  (Figure  20).  However 
we  tested  (as  others  have  previously  reported  in  the  literature)  that  the  LnCaP 
and  C4-2B  cell  lines  are  TGF-3  insensitive. 


TGF-p  increases  PMEPA1  transcription  and  protein.  We  validated  the 
increase  of  PMEPA1  expression  induced  by  TGF-p  in  PC-3  cells.  PMEPA1 
mRNA  was  quickly  increased  by  TGF-p  and  reached  a  peak  by  4  hours.  This 
TGF-p  induction  was  prevented  by  adding  the  specific  TGF-p  receptor  inhibitor, 
SD-208.  We  used  classical  cycloheximide  and  actinomycin-D  inhibitor  treatments 
to  determine  if  the  effects  were  transcriptional  or  translational.  We  found  that  the 
translation  inhibitor  cycloheximide  did  not  block  TGF-p  induction  of  PMEPA1, 
while  the  transcription  inhibitor  actinomycin  D  prevented  the  increase  of  PMEPA1 
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21)  suggest  that  TGF-P  regulates  PMEPA1 
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Figure  21:  TGF-p  increases  PMEPA1  transcription  and  protein. 

PMEPA1  expression  was  induced  by  TGF-p  in  PC-3  cells.  PMEPA1 
mRNA  quickly  increased  by  TGF-p  and  reached  a  peak  by  4  hours. 
TGF-p  induction  was  prevented  by  adding  the  specific  TGF-p 
receptor  inhibitor,  SD-208.  Classical  cycloheximide  and  actinomycin- 
D  treatments  used  to  determine  if  the  effects  were  transcriptional  or 
translational.  The  translation  inhibitor  cycloheximide  did  not  block 
TGF-p  induction  of  PMEPA1,  while  the  transcription  inhibitor 
actinomycin  D  prevented  the  increase  of  PMEPA1  mRNA.  The 
results  suggest  that  TGF-p  regulates  PMEPA1  expression  via 
transcription.  Western  blot  (bottom  panel)  showed  PMEPA1  protein 
increase  at  48hrs 


TGF-p  induces 
the  cytosolic  (c) 

isoform  of  PMEPA1  in 
PC-3  cells:  The 

isoforms  of  PMEPA1 
were  cloned  and 

expressed  in  COS  cells 
(left  panel).  Western 
blot  showed  that  the 
PMEPA1  antibody  detected  all  isoforms  (Figure  23). 
cytosolic  isoform  was  induced  by  TGF-p  (right  panel) 


In  PC-3  cells,  only  the 


Selection  of  shRNA  vectors  which  knock-down  all  isoforms  of 
PMEPA1.  We  validated  a  vector  expressing  a  short  hairpin  RNA  against  the  3’ 
extremity  of  PMEPA1  mRNA,  analog  to  all  variants.  Using  real-time  PCR,  we 
showed  that  in  CHO  cells  transfected  to  express  one  of  the  PMEPA1  isoform, 
there  was  a  90%  decrease  of  all  corresponding  PMEPA1  mRNA  (Figure  24).  An 
empty  vector  or  a  vector  expressing  a  non-specific  shRNA  had  no  effect  on 
PMEPA1  mRNA  quantity.  Similarly,  using  Western  Blot,  the  shRNA  against 
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PMEPA1  specifically  decreased  PMEPA1 
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Figure  22:  The  PMEPA1  gene  covers  63kb. 

Alternative  splicing  and  multiple  transcription  starts 
give  rise  to  4  different  mRNA  variants.  These  mRNA 
encodes  3  different  protein  isoforms.  Isoforms  a  &  b 
contain  a  transmembrane  domain,  while  isoform  c, 
the  shortest,  is  cytosolic. 
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Figure  23:  TGF-p  induces  the  cytosolic  form  of 
PMEPA1  in  PC-3  ceils:  The  isoforms  of  PMEPA1 
were  cloned  and  expressed  in  COS  cells  (left 
panel).  Western  blot  showed  that  the  PMEPA1 
antibody  detected  all  isoforms.  In  PC-3  cells,  only 
the  cytosolic  isoform  was  induced  by  TGF-p  (right 
panel). 


protein  quantity  regardless  of  the 
isoform. 

PMEPA1  knockdown  decreases 
TGF-p  but  not  BMP  signaling.  We 

tested  TGF-p  signaling  in  PC-3 
using  the  (CAGA)9  promoter  when 
the  cells  were  transfected  with  a 
vector  expressing  either  a  non¬ 
targeting  shRNA  or  an  shRNA 
against  PMEPA1.  Knockdown  of 
PMEPA1  in  PC-3  cells,  induced  a 
significant  decrease  of  the  (CAGA)9 
promoter  activity  induced  by  TGF-p. 
This  result  suggests  that  PMEPA1 
in  PC-3  cells  increases  TGF-p 
signaling  (Figure  25).  There  was  no 
effect  on  BMP  promoter  activity  as 
assessed  by  BRE  activity  or  an 
unrelated  SV40  promoter. 
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Selection  of  a  shRNA  Knocking-dowr 
all  PMEPA1  Isoforms 
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Figure  24:  Selection  of  shRNA  vectors  for  knock-down  all 
isoforms  of  PMEPA1.  Validation  of  vector  expressing  a  short 
hairpin  RNA  against  the  3’  end  of  PMEPA1  mRNA,  common  to  all 
variants.  By  PCR  (upper  panel)  of  CHO  cells  transfected  to 
express  one  of  the  PMEPA1  isoform,  there  was  a  90%  decrease 
of  all  corresponding  PMEPA1  mRNAs.  Empty  vector  or  one 
expressing  a  non-specific  shRNA  had  no  effect  on  PMEPA1 
mRNA  quantity.  By  western  blot  (lower  panel)  the  shRNA  against 
PMEPA1  specifically  decreased  PMEPA1  protein  quantity 
regardless  of  the  isoform. 


PMEPA1  Knockdown  Specifically  Decreases 
TGF-P  Signaling  in  PC-3  cells 
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Figure  25:  PMEPAI  knockdown  decreases  TGF-p  but  not  BMP 
signaling.  TGF-p  signaling  in  PC-3  tested  with  (CAGA)9  promoter 
when  cells  were  transfected  with  a  vector  expressing  either  a  non¬ 
targeting  shRNA  or  an  shRNA  against  PMEPA1.  Knockdown  of 
PMEPA1  in  PC-3  cells  significantly  decreased  (CAGA)9  promoter 
activity  induced  by  TGF-p.  This  result  suggests  that  PMEPA1  in  PC-3 
cells  increases  TGF-p  signaling.  There  was  no  effect  on  BMP  promoter 
activity  as  assessed  by  BRE  activity  or  an  unrelated  SV40  promoter. 


Model  for  PMEPA1  role  in  bone  metastases:  We  hypothesize  that 
PMEPA1,  when  induced  by  TGF-P  at  the  site  of  bone  metastases,  interacts  with 
Smurf  proteins,  to  prevent  the  degradation  of  Smads  and  the  T(3R.  This  results  in 
a  sustained  TGF-p  signaling  and  an  increase  of  bone  metastases  development 
(Figure  26).  PMEPA1  could  also  directly  affect  Smad  activity  when  Interacting 
with  them  by  a  mechanism  that  remains  to  be  elucidated.  Experiments  are 
underway  to  test  the  function  of  PMEPA1  protein  expression  on  TGF(3  signaling 
in  prostate  cancer  bone  metastases.  In  vivo  experiments  described  below  were 
not  consistent  with  this  model  and  suggest  that  the  different  isoforms  of 
PMEPA1  have  different  and  divergent  effects  on  TGF|3  signaling  in  prostate 
cancer  cells. 


Figure  26:  Model  for  PMEPA1  role  in  bone  metastases: 

PMEPA1 ,  when  induced  by  TGF-p  at  the  site  of  bone  metastases, 
may  interact  with  Smurf  proteins  to  prevent  the  degradation  of 
Smads  and  the  TpRs.  This  results  in  sustained  TGF-p  signaling 
and  increased  bone  metastases.  PMEPA1  could  also  directly 
affect  Smad  activity  when  interacting  with  them  by  a  mechanism 
that  remains  to  be  elucidated. 


Several  stable  knockdown  clones  of  PMEPA1  or  control  clones  were  produced  In 
PC-3  prostate  cancer  cells  and  described  in  figure  27.  Clones  were  stable  for 
greater  than  75  days  in  the  absence  of  the  selective  antibiotic.  PMEPA1  was  not 
detected  at  the  protein  level  by  Western  blot,  in  these  clones,  compared  to 
controls  (Figure  27).  Cell  growth  in  vitro  was  not  signficantly  different  (Figure 
28). 
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Figure  27:  Stable  knockdown  of  PMEPAl  expression  in  PC-3  prostate  cancer 
cells.  PC-3  parental  cells  were  transfected  with  a  pLKO.l  vector  expressing  a  non¬ 
target  shRNA  (shCtrl)  or  an  shRNA  against  PMEPAl  (shPMEPAI)  and  single 
cell  clones  were  isolated  after  antibiotic  selection  (puromycin,  250pg/mL). 
Stability  of  the  transfection  was  assessed  by  culturing  PC- 3  shCtrl  clones  (shCtrl 
#3A1  and  #5C1)  and  PC-3  shPMEPAI  clones  (shPMEPAI  #5C3  and  #1A1)  in 
absence  of  antibiotic  during  75  days  and  by  measuring  the  expression  of  PMEPAl 
mRNA  and  protein  in  the  presence  or  absence  of  TGE-p  (5ng/mL,  24h).  A.  Total 
RNA  was  extracted  and  mean  +  SEM  expression  of  PMEPAl  was  measured  using 
semi-quantitative  RT-PCR  (n=3).  B.  Proteins  were  extracted  from  treated  cells  and 
PMEPAl  level  was  assayed  by  Western-blotting,  a -tubulin  was  used  as  loading 
control. 
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Figure  28:  PC-3  parental  cells  or  PC-3  cells  stably  transfected  to  express  an 
shRNA  control  (shCtr  #3A1  and  #5C1)  or  against  PMEPAl  (shPMEPAl  #5C3 
and  #1A1)  were  seeded  in  96  well-plate  (500  cells  per  well)  and  cultured  in 
complete  medium  for  6  days.  Cells  quantity  was  assessed  using  an  MTT  assay  and 
results  are  represend  as  the  average  +  SEM  optical  density  at  750nm  (OD750nm)  of 
a  sextuplicate. 
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Figure  29:  PC-3  parental  cells  or  PC-3  cells  stably  transfected  to  express  an 
shRNA  control  (shCtr  #3A1  and  #5C1)  or  against  PMEPAl  (shPMEPAI  #5C3 
and  #1A1)  were  studied  in  vivo  as  per  this  experimental  design. 


Bone  metastases  were  studies  using  these  clones  in  male  nude  mice  were 
studied  as  per  the  experimental  design  illustrated  in  Figure  29.  Unexpectedly, 
osteolytis  was  increased  in  mice  bearing  PC-3  clones  in  which  PMEPA1  was 
stably  knocked  down  (Figure  30).  To  investigate  possible  reasons  for  this 
increase  in  osteolysis,  each  clone  was  tested  for  the  expression  of  osteolytic 
factors  in  the  presence  or  absence  of  TGF(3.  As  illustrated  in  Figure  31,  no 
differences  were  detected  in  IL-6,  IL-8,  IL-11,  PTFIrP  or  CTGF.  Thus,  further 
studies  are  needed  to  elucidate  the  complex  role  of  PMEPMA1  as  a  TGF|3  target 
gene  in  bone  metastases.  Possibilities  include  isoform-specific  effects  and 
although  the  current  shRNA  was  designed  to  knockdown  all  isoforms,  it  is 
possible  that  each  isoform  has  different  effects  and  that  knockdown  of  all  result  in 
a  balance  between  all  isoforms.  Specific  experiments  to  reexpress  each  isoform 
in  the  presence  of  the  global  knockdown  are  in  progress. 
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Figure  30:  Knockdown  of  PMEPAl  in  PC-3  prostate  cancer  cells  increases 
osteolysic  lesions  in  a  mouse  model  of  bone  metastases.  Four-week  old,  female 
Balb/C  athymic  mice  received  an  intracardiac  inoculation  of  PC-3  cells  transfected 
to  express  an  shRNA  control  (shCtr  #3A1  and  #5C1)  or  an  shRNA  against 
PMEPAl  (shPMEPAl  #5C3  and  #1A1)  in  the  left  cardiac  ventricle  (10^  cells  in 
lOOpL  PBS,  n=12  to  16  per  group).  The  development  of  bone  metastases  was 
surveyed  by  radiographies.  A.  Representative  radiographies  of  mouse  hindlimbs  9 
weeks  after  tumor  cell  inoculation.  Arrow  indicates  osteolytic  lesions.  B. 
Osteolytic  areas  were  measured  on  x-ray  and  results  are  expressed  as  the  average 
+  SEM  osteolytic  area  per  mouse.  **  P<0.01  and  ***  P<0.001  vs  shCtrl  #3A1  or 
#5C1  using  a  2- way  ANOVA  followed  by  a  Bonferroni  post- test. 
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Figure  31:  Stable  knockdown  of  PMEPAl  in  PC-3  prostate  cancer  cells  does  not 
affect  the  expression  of  pro-osteolytic  genes.  Parental  PC- 3  cells  or  PC- 3  cells 
transfected  to  express  an  shRNA  control  (shCtr  #3A1  and  #5C1)  or  an  shRNA 
against  PMEPAl  (shPMEPAl  #5C3  and  #1A1)  were  cultured  in  the  presence  or 
absence  of  TGE-P  (5ng/mL)  for  3  or  24  hours.  Total  RNA  was  extracted  and 
expression  of  PMEPAl  and  pro-osteolytic  genes  PTHrP,  CTGE,  IL-11,  IL-8  and  IL- 
8  was  measured  using  semi-quantitative  RT-PCR  and  the  ribosomal  protein  L32  as 
housekeeping  gene.  Measure  were  done  in  triplicate  and  results  represent  the  average 
+  SEM  gene  expression  vs  vehicle-treated  PC-3  parental  cells. 


KEY  RESEARCH  ACCOMPLISHMENTS 


Aim  1 : 

•  TGF(3  Rl  kinase  inhibitor,  SD-208,  effective  against  bone  metastases  due  to  PCS 

prostate  cancer  model 

•  SD-208  ineffective  against  C42B  prostate  cancer  bone  metastasis  model 

•  SD-208  ineffective,  possibly  deleterious  against  LuCaP23.1  prostate  cancer 

bone  metastasis  xenograft  model 

•  The  p38  MAP  kinase  inhibitor  SD-282  ineffective  against  all  three  prostate 

cancer  bone  metastasis  models  and  accelerated  bone  metastases  due  to 
PC3  prostate  cancer. 

•  TGF|3  inhibition  increased  bone  mass  by  stimulating  osteoblast  differentiation 

and  inhibiting  osteoclastic  bone  resorption.  The  effects  on  osteoblasts  may 
be  mediated  by  stat3  induction  of  Wnt  3a  and  8b. 

Aim  2: 

•  TGFp  regulation  of  PMEPA1  promoter  determined  at  molecular  level 

•  Role  of  three  protein  isoforms  of  PMEPA1  in  TGF|3  signaling  potentiation  shown 

in  vitro,  but  in  vivo  studies  suggest  complex  and  isoform-specific  effects  of 
PMEPA1  on  TGF(3  signaling  in  vivo. 
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A  central  tenet  in  the  field  of  bone  metastases  is  that  the  bone  microenvironment 
supplies  factors,  such  as  TGF-3,  stimulating  prostate  cancer  cell  signaling  and  altering 
their  phenotype. 

TGF-p  signaling  in  cancer  is  however  complex  and  can  lead  to  the  activation  of 
numerous  genes.  We  have  identified  many  of  these  genes  by  microarray  analysis  and 
have  validated  the  gene  reported  here.  PMEPA1  was  the  most  highly  upregulated 
gene.  We  cloned  the  PMEPA1  promoter  and  gene  and  mapped  the  TGF(3  response 
element.  Silencing  PMEPA1  in  prostate  cancer  line  PC-3  blocked  TGFp  signaling  in 
vitro,  but  increased  bone  metastases  in  vivo.  These  results  were  the  opposite  of  what 
we  expected  and  are  currently  pursuing  other  experiments  to  determine  whether 
these  effects  are  isoform-specfic  or  cell  type-dependent. 

In  vivo  experiments  determined  the  effects  of  a  TGFp  Rl  kinase  inhibitor,  SD- 
208,  on  the  development  and  progression  of  prostate  cancer  metastases  to  bone  due 
to  PC-3,  LuCAP  and  C42B.  Different  prostate  cancers  showed  different  effects, 
depending  on  the  radiographic  phenotype  of  the  bone  metastases.  SD-208  improved 
osteolytic  bone  metastases  due  to  PC-3,  but  had  no  effect  and  possibly  worsened 
osteoblastic  bone  metastases  due  to  LuCAP23.1,  with  no  effect  on  mixed  C42B 
lesions.  The  results  in  C42B  were  not  surprising,  since  the  line  is  unresponsive  to 
TGFp.  However,  the  effect  of  this  compound  to  increase  osteoblastic  bone 
metastases  is  a  significant  concern.  We  have  initiated  an  agreement  with  Eli  Lilly 
to  study  another  TGFpRI  kinase  that  is  currently  in  clinical  trials  for  patients  with 
bone  metastases  due  to  all  solid  tumors.  We  will  also  study  the  effect  of  a  TGFp 
antibody  in  these  models  and  have  initiated  an  agreement  with  Genzyme. 

The  p38  MAP  kinase  inhibitor  SD-282  showed  no  efficacy  against  any  of 
the  bone  metastases  models  and  was  not  studied  in  additional  experiments 
originally  proposed.  In  particular  we  concluded  that  it  would  be  wasteful  of 
experimental  animals  to  carry  out  combination  treatments  with  this  agent,  which 
was  the  substance  of  the  originally  proposed  Aim  3.  Furthermore,  SD-282 
worsened  bone  metastases  due  to  PC-3  prostate  cancer.  Finally  SD-282  was  no 
longer  available  for  study.  Instead,  we  studied  the  effects  of  TGFp  blockade  on 
bone  and  found  that  it  increased  bone  mass,  due  to  effects  on  osteoblasts  and 
osteoclast.  These  effects  could  be  mediated  through  osteoblast  production  of 
Wnt  ligands,  regulated  by  Stat3  and  will  be  investigated  further. 

Overall,  we  conclude  that: 

•  TGFp  signaling  is  a  useful  target  for  treatment  of  prostate  cancer  bone 

metastases,  provided  that  the  tumor  cells  are  responsive  to  the  factor  and 
show  components  of  osteolytic  lesions. 

•  TGFp  inhibitors  are  not  beneficial  when  the  bone  metastases  phenotype  is 

predominantly  osteoblastic. 

•  Non-canonical  (ie  Smad-independent)  pathways  downstream  of  the  TGFp 

receptors,  such  as  p38  MAP  kinase,  do  not  appear  to  be  appropriate  targets 
for  pharmacological  treatment  of  prostate  cancer  bone  metastases. 

•  There  is  no  advantage  to  combined  treatment  targeting  TGF(3  receptors  and  p38 

MAP  kinase. 
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•  PMEPA1  may  be  an  important  target  of  TGF(3  in  prostate  cancer  cells  and 

responsible  for  potentiating  responsiveness  of  tumor  cells  in  bone  to  the  local 
actions  of  bone-released  TGF|3.  Its  regulation  and  isoform-specific  effects  are 
complex  and  will  be  the  subject  of  future  grant  proposals. 

•  TGF|3  inhibition  increases  bone  mass  systemically  thru  effects  to  stimulate 

differentiation  of  osteoblasts  and  inhibiting  osteoclasts.  The  effects  on 
osteoblasts  may  be  via  statS  induction  of  Wnt  ligand  production  (3a  and  8b). 
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APPENDIX 

Statement  of  Work 

Task  1  (Specific  Aim  1)  -  months  01-06.  Test  T|3RI  kinase  inhibitor  at  2  doses 
(plus  untreated  controls)  against  PC3  cells;  Completed 

Task  2  (Specific  Aim  1)  -  months  07-12.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  1 .  Completed 

Task  3  (Specific  Aim  1)  -  months  07-12.  Test  T|3RI  kinase  inhibitor  at  2  doses 
(plus  untreated  controls)  (plus  untreated  controls)  against  LuCAP23.1  cells 
inoculated  intratibially.  Completed  once.  Repeat  experiment  completed  and  data 
analysis  in  progress  for  second  experiment. 

Task  4  (Specific  Aim  1)  -  months  13-18.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  3.  Data  analysis  in  progress  for  second 
experiment 

Task  5  (Specific  Aim  1)  -  months  13-18.  Test  TpRI  kinase  inhibitor  at  2  doses 
(plus  untreated  controls)  against  C4-2B  cells  inoculated  intratibially;  Completed 
once.  Repeat  experiment  completed  and  data  analysis  in  progress  for  second 
experiment. 
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Task  6  (Specific  Aim  1)  -  months  19-24.  Analyze  bone  and  tumor  parameters 
from  mice  from  Task  5.  Data  analysis  in  progress  for  second  experiment. 

Task  7  (Specific  Aim  1)  -  months  01-06.  Test  p38  MARK  inhibitor  at  2  doses 
(plus  untreated  controls)  against  PCS.  Completed 

Task  8  (Specific  Aim  1)  -  months  07-12.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  7.  Completed 

Task  9  (Specific  Aim  1)  -  months  07-12.  Test  p38  MARK  inhibitor  at  2  doses 
(plus  untreated  controls)  against  LuCAP23.1  cells.  Completed 
Task  10  (Specific  Aim  1)  -  months  13-18.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  9.  Data  analysis  in  progress 

Task  11  (Specific  Aim  1)  -  months  13-18.  Test  p38  MARK  inhibitor  at  2  doses 
(plus  untreated  controls)  against  C4-2B  cells  inoculated  intratibially;  Completed 

Task  12  (Specific  Aim  1)  -  months  19-24.  Analyze  bone  and  tumor  parameters 
from  mice  from  Task  1 1 .  Completed  for  bone. 

Task  13  (Specific  Aim  2)  -  months  01-12.  Isolate  mRNAs  from  PC3  and  C4-2B 
cells  grown  +!-  TGFp  and  +!-  TpRI  kinase  and  p38  MARK  inhibitors  at  1  dose 
each.  Analyze  RNAs  by  Affymetrix  gene  array  and  process  data.  Simplified 
experiment  focusing  on  PC3  cells  treated  +!-  TGF|3  completed,  identifying 
PMEPAS1  as  most  up-regulated  mRNA. 

Task  13a  (Specific  Aim  2)  -  months  13-18.  Validate  genes  identified  in  previous 
Task  13  by  RT-PCR  analysis  of  mRNAs  prepared  in  that  Task.  Completed. 

Task  14  (Specific  Aim  2)  -  months  18-24.  Generate  and  characterize  stable  cell 
lines  of  PC3  and  C4-2B  cells  overexpressing  FLAG-tagged  PMEPA1  protein  and, 
as  practical,  one  or  more  other  candidate  factors  identified  in  the  previous  two 
Tasks  13  &  13a.  Simplified  version  of  Task  completed,  focusing  on  PMEPA1  in 
PC3  cells,  but  with  knockdown,  rather  than  overexpression. 

Task  15  (Specific  Aim  2)  -  months  25-30.  Carry  out  animal  experiments  as  in 
Tasks  1  and  5  with  control  and  PMEPA1  overexpressing  cell  lines  Simplified 
version  of  Task  15  to  be  done  in  year  04,  focusing  on  PMEPA1  knockdown  in 
PC3  cells.  Experiment  completed. 

Task  16  (Specific  Aim  2)  -  months  31-36.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  15.  Data  analysis  in  progress 

Task  17  (Specific  Aim  3)  -  months  19-24.  Test  TpRI  and  p38  MAP  kinase 
inhibitors  singly  and  combined  at  optimized  doses,  plus  an  untreated  control, 
against  PC3  cells.  Task  abandoned  due  to  lack  of  efficacy  of  p38  MAP  kinase 
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inhibitor  against  bone  metastases  as  well  as  inability  to  obtain  p38  MAP  kinase 
inhibitor. 


Task  18  (Specific  Aim  3)  -  months  25-30.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  17.  Task  abandoned  due  to  lack  of  efficacy  of 
p38  MAP  kinase  inhibitor  against  bone  metastases  as  well  as  inability  to  obtain 
p38  MAP  kinase  inhibitor. 

Task  19  (Specific  Aim  3)  -  months  21-26.  Test  TpRI  &  p38  MAP  kinase  inhibitors 
singly  and  combined  at  optimized  dose,  plus  an  untreated  control,  against 
LuCAP23.1.  Task  abandoned  due  to  lack  of  efficacy  of  p38  MAP  kinase  inhibitor 
against  bone  metastases  as  well  as  inability  to  obtain  p38  MAP  kinase  inhibitor. 


Task  20  (Specific  Aim  3)  -  months  27-32.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  19.  Task  abandoned  due  to  lack  of  efficacy  of 
p38  MAP  kinase  inhibitor  against  bone  metastases  as  well  as  inability  to  obtain 
p38  MAP  kinase  inhibitor. 


Task  21  (Specific  Aim  3)  -  months  25-30.  Test  TpRI  &  p38  MAP  kinase 
inhibitors  singly  and  combined  at  optimized  dose,  plus  an  untreated  control, 
against  C4-2B  cells.  Task  abandoned  due  to  lack  of  efficacy  of  p38  MAP  kinase 
inhibitor  against  bone  metastases  as  well  as  inability  to  obtain  p38  MAP  kinase 
inhibitor. 

Task  22  (Specific  Aim  3)  -  months  31-36.  Analyze  bone  and  tumor  parameters 
from  mice  from  preceding  Task  21.  Task  abandoned  due  to  lack  of  efficacy  of 
p38  MAP  kinase  inhibitor  against  bone  metastases  as  well  as  inability  to  obtain 
p38  MAP  kinase  inhibitor. 

Task  23  (Specific  Aims  1-3)  -  months  03-36.  Analyze  data,  prepare  manuscripts 
and  reports.  Manuscript  preparation  in  progress. 

Since  Tasks  were  abandoned  due  to  lack  of  efficacy  of  p38  MAP  kinase  inhibitor 
as  well  as  the  inability  to  obtain  sufficient  drug  to  complete  aims  as  planned,  we 
performed  studies  to  characterize  the  effects  of  TGPp  blockade  on  normal  bone 
and  the  mechanisms  by  which  such  inhibition  causes  increased  bone  mass, 
described  in  this  final  report. 
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Abstract 

During  developnnent,  growth  factors  and  hormones  cooperate  to  establish  the  unique  sizes,  shapes  and  material  properties 
of  individual  bones.  Among  these,  TGF-(3  has  been  shown  to  developmentally  regulate  bone  mass  and  bone  matrix 
properties.  However,  the  mechanisms  that  control  postnatal  skeletal  integrity  in  a  dynamic  biological  and  mechanical 
environment  are  distinct  from  those  that  regulate  bone  development.  In  addition,  despite  advances  in  understanding  the 
roles  of  TGF-(3  signaling  in  osteoblasts  and  osteoclasts,  the  net  effects  of  altered  postnatal  TGF-p  signaling  on  bone  remain 
unclear.  To  examine  the  role  of  TGF-p  in  the  maintenance  of  the  postnatal  skeleton,  we  evaluated  the  effects  of 
pharmacological  inhibition  of  the  TGF-p  type  I  receptor  (TpRI)  kinase  on  bone  mass,  architecture  and  material  properties. 
Inhibition  of  TpRI  function  increased  bone  mass  and  multiple  aspects  of  bone  quality,  including  trabecular  bone 
architecture  and  macro-mechanical  behavior  of  vertebral  bone.  TpRI  inhibitors  achieved  these  effects  by  increasing 
osteoblast  differentiation  and  bone  formation,  while  reducing  osteoclast  differentiation  and  bone  resorption.  Furthermore, 
they  induced  the  expression  of  Runx2  and  EphB4,  which  promote  osteoblast  differentiation,  and  ephrinB2,  which 
antagonizes  osteoclast  differentiation.  Through  these  anabolic  and  anti-catabolic  effects,  TpRI  inhibitors  coordinate  changes 
in  multiple  bone  parameters,  including  bone  mass,  architecture,  matrix  mineral  concentration  and  material  properties,  that 
collectively  increase  bone  fracture  resistance.  Therefore,  TpRI  inhibitors  may  be  effective  in  treating  conditions  of  skeletal 
fragility. 
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Introduction 

In  skeletal  development,  eaeh  bone  is  formed  with  a  distinetive 
size,  geometry,  arehiteeture,  and  material  properties.  Among  the 
many  growth  faetors  and  hormones  involved  in  this  proeess  [1-3], 
transforming  growth  faetor-(3  (TGF-(3)  is  sequestered  at  high  levels 
in  bone  matrix  and  is  a  eritieal  regulator  of  osteogenesis  [4] .  Bone 
mass  is  dramatieally  affeeted  by  developmental  manipulation  of 
TGF-(3  signaling  in  genetieally  modified  mouse  models  [5-9].  In 
addition  to  bone  mass,  TGF-(3  regulates  bone  matrix  material 
properties,  whieh  impaet  the  ability  of  bone  to  resist  fraeture  [10]. 
However,  little  is  known  about  the  role  of  TGF-(3  in  the  post-natal 
skeleton,  whieh  responds  to  ehanges  in  bone  or  the  environment  to 
retain  or  improve  bone  quality,  fundamentally  defined  as  the 
ability  to  resist  bone  fraeture  [11]. 


The  effeets  of  postnatal  manipulation  of  TGF-P  signaling  on 
bone  mass  and  quality  are  diffieult  to  prediet  based  on 
developmental  studies.  For  example,  osteoporosis  and  bone 
fragility  are  observed  in  miee  with  inereased  TGF-P  produetion 
[6],  as  well  as  in  those  that  are  defieient  in  Smad3  [8,9],  a  key 
TGF-P  effeetor.  Conversely,  other  mouse  models  with  redueed 
TGF-P  signaling  have  inereased  bone  mass  and  quality  [7,10].  In 
addition,  the  roles  of  TGF-P  on  the  proliferation,  differentiation, 
and  apoptosis  of  eells  in  both  the  osteoblast  and  osteoelast  lineages 
have  been  extensively  studied  [4,12—14].  In  spite  of  this  wealth  of 
information,  the  net  effeet  of  postnatal  TGF-P  signaling  on  bone 
remains  unknown. 

The  reeent  development  of  speeifie  inhibitors  of  the  TGF-P  type 
I  reeeptor  (TpRI)  kinase  that  bloek  most  if  not  all  TGF-P  signaling 
events  [15-17]  now  enables  an  investigation  of  this  fundamental 
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question.  ATP-competitive  inhibitors  of  the  XpRI  kinase,  sueh  as 
SD-208,  ean  effeetively  limit  TGF-P-mediated  lung  fibrosis  and 
tumorigenesis  in  vivo  at  doses  that  are  too  low  to  exert  non-speeifie 
effeets  on  other  kinases  [17-20].  Sinee  sueh  inhibitors  are  in 
elinieal  trials  for  eaneer  and  other  disorders,  it  is  erueial  to  define 
the  effeets  of  TGF-P  bloekade  on  the  skeleton. 

Maintenanee  of  the  postnatal  skeleton  depends  on  the 
funetional  eoordination  between  bone-depositing  osteoblasts  and 
bone-resorbing  osteoelasts  [21].  Both  eell  populations  express  and 
respond  to  TGF-P,  and  TGF-P  has  been  suggested  to  eouple 
osteoblast  and  osteoelast  aetivity  [4].  TGF-P  promotes  osteopro- 
genitor  proliferation  and  inhibits  terminal  osteoblast  differentia¬ 
tion,  in  part  by  repressing  the  funetion  of  osteogenie  transeription 
faetor  Runx2  [22].  TGF-P  also  regulates  osteoblast  expression  of 
osteoelast  regulatory  faetors  m-CSF,  RANKL,  and  OPG  [23-25], 
whereas  resorbing  osteoelasts  release  and  aetivate  matrix-bound 
latent  TGF-P,  whieh  feeds  baek  to  modulate  osteoblast  and 
osteoelast  funetion  [26-28].  Beeause  the  effeets  of  TGF-P  on 
osteoblast  and  osteoelast  funetion  are  dynamie,  dose-dependent, 
and  speeifie  for  eaeh  eell  type  and  stage  of  differentiation  [4,12- 
14],  prior  studies  do  not  indieate  how  the  eell  types  present  in 
mature  bone  will  respond  to  a  systemie  alteration  in  TGF-P 
signaling. 

In  the  eurrent  study,  we  found  that  the  XpRI  kinase  inhibitor, 
SD-208,  affeets  osteoblast  and  osteoelast  funetion  to  eoordinately 
regulate  several  bone  parameters,  resulting  in  inereased  bone  mass 
and  trabeeular  bone  volume,  as  well  as  inereased  mineral 
eoneentration  and  elastie  modulus  of  bone  matrix.  This  was 
assoeiated  with  an  inereased  resistanee  to  vertebral  fraeture.  These 
results  suggest  that  pharmaeologie  inhibition  of  TGF-P  signaling 
may  have  therapeutie  utility  in  a  variety  of  bone  diseases 
eharaeterized  by  poor  bone  quality,  low  bone  mass  and  a 
propensity  to  fraeture. 

Results 

Pharmacologic  inhibition  of  the  xpRI  kinase  increases 
bone  mineral  density 

To  determine  the  effeets  of  pharmaeologie  inhibition  of  TGF-P 
signaling  on  bone,  miee  were  treated  for  6  weeks  with  either  of  two 
doses  of  SD-208,  a  small  moleeule  that  bloeks  ATP  binding  to  the 
type  I  TGF-P  reeeptor  to  speeifieally  inhibit  its  kinase  aetivity  [17]. 
The  20  mg/kg  SD-208  dose  was  ehosen  to  aehieve  speeifie 
inhibition  of  the  XpRI  kinase,  whereas  the  60  mg/kg  dose  was 
ehosen  to  aehieve  a  maximal  response  with  minimal  inhibition  of 
other  pathways  [19].  Using  miee  that  express  lueiferase  under  the 
eontrol  of  a  TGF-P-responsive  Smad  binding  element  (SBE-Lue 
miee)  [29],  we  eonfirmed  the  ability  of  SD-208  to  inhibit 
endogenous  and  exogenously  applied  TGF-P  funetion  in  bone  in 
vivo  and  ex  vivo  (Fig.  la,  lb).  As  expeeted,  the  well-established 
TGF-P-indueible  expression  of  PAI-1  [30]  was  inhibited  by  SD- 
208  in  ealvarial  explants,  whereas  the  expression  of  reported 
targets  of  TGF-P  repression,  Runx2  and  osteoealein  [22],  was 
indueed  by  SD-208  (Fig.  le). 

Longitudinal  examination  of  the  bone  mineral  density  (BMD) 
by  dual  energy  X-ray  absorptiometry  (DXA)  showed  the  normal 
inerease  in  BMD  between  1  and  2.5  months  of  age.  Aeeordingly, 
vehiele-treated  male  and  female  miee  showed  an  inerease  of 
21.8%  and  29.6%,  respeetively,  in  whole  body  BMD  after  6  weeks 
(Fig.  2a,  2b).  Although  low  dose  SD-208  did  not  affeet  whole  body 
BMD,  both  male  and  female  miee  treated  with  high  dose  SD-208, 
showed  signifieantly  greater  bone  aeerual  over  the  same  time 
period,  with  an  additional  4.12%  inerease  in  male  (p<0.001)  and 
5.2%  inerease  in  female  (p<0.001)  whole  body  BMD.  The  SD- 
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208-indueed  inerease  in  whole  body  BMD  was  eomparable  to  that 
observed  following  an  8-week  treatment  with  bisphosphonates, 
whieh  ean  inerease  whole  body  BMD  by  5%  [31]. 

More  pronouneed  effeets  were  apparent  in  the  tibia  and  femur, 
where  the  BMD  was  already  signifieantly  inereased  within  3  weeks 
of  SD-208  treatment  relative  to  vehiele-treated  eontrols  (Fig.  2e- 
2f).  After  6  weeks,  SD-208  signifieantly  inereased  the  BMD  in 
male  miee  by  20%  in  the  tibia  (p<0.001),  14.8%  in  the  femur 
(p<0.001)  and  8.9%  in  the  lumbar  spine  (p<0.01)  relative  to 
vehiele-treated  miee.  SD-208  inereased  the  tibial,  femoral  and 
lumbar  spine  BMD  in  female  miee  by  16.3%  (p<0.001),  11.4% 
(p<0.01)  and  17.9%  (p<0.001),  respeetively.  Dose-dependent 
inereases  in  BMD  were  most  apparent  in  the  femur  (Fig.  2e,  2f). 
Thus,  systemie  pharmaeologie  inhibition  of  TGF-P  signaling 
inereases  the  BMD. 

Inhibition  of  the  xpRI  kinase  increases  trabecular  bone 

To  determine  if  the  inereased  BMD  resulted  from  ehanges  in 
eortieal  or  trabeeular  bone,  disseeted  femora  and  tibiae  were 
analyzed  using  miero-eomputed  tomography  (miero-CT).  Reeon- 
strueted  images  of  trabeeular  bone  in  the  distal  femur  showed  a 
dose-dependent  inerease  in  trabeeular  bone  volume  following  6 
weeks  of  SD-208  treatment  in  both  male  and  female  miee  (Fig.  3a). 
This  inerease  in  trabeeular  bone  was  noted  in  the  seeondary 
spongiosa  and  did  not  extend  to  the  diaphysis  (Figure  SI).  At  the 
high  dose,  SD-208  inereased  the  femoral  trabeeular  bone  volume 
of  male  and  female  miee  by  57.6%  and  264%,  respeetively  (Fig.  3b, 
Table  1).  Remarkably,  high-dose  SD-208  inereased  the  trabeeular 
density  of  male  and  female  femora  by  192%  and  581%, 
respeetively  (Fig.  3e).  Inereases  in  trabeeular  number  and  thiekness 
were  assoeiated  with  a  eorresponding  deerease  in  trabeeular 
separation  following  treatment  with  SD-208  (Fig.  3d,  3e,  Table  1). 
As  shown  by  these  and  other  parameters,  SD-208  greatly 
improved  trabeeular  bone  mieroarehiteeture  in  male  and  female 
femora  and  tibiae  (Table  1).  In  eontrast,  SD-208  eaused  no 
signifieant  differenees  in  measured  eortieal  bone  parameters 
(Table  2).  Therefore,  the  effeet  of  6  weeks  of  pharmaeologie 
inhibition  of  XpRI  funetion  on  BMD  appears  to  be  speeifie  to  the 
trabeeular  bone. 

Inhibition  of  xpRI  affects  both  osteoblasts  and 
osteoclasts 

Inereased  BMD  may  be  due  to  inereased  osteoblast  aetivity, 
redueed  osteoelast  aetivity  or  both.  Quantitative  histomorphom- 
etry  eonfirmed  the  SD-208  dose-dependent  inerease  in  trabeeular 
bone  that  was  observed  by  miero-CT  (Fig.  4a).  The  signifieantly 
inereased  bone  volume  (Fig.  4b)  was  aeeompanied  by  a  XpRI 
inhibitor  dose-dependent  inerease  in  osteoblast  number  (Fig.  4e). 
Importantly,  even  the  most  speeifie  low  dose  of  SD-208  (20  mg/ 
kg)  eaused  signifieant  inereases  in  male  and  female  bone  volume 
and  osteoblast  numbers  (p<0.05).  In  addition,  the  osteoelast 
numbers  were  redueed  in  the  femora  of  SD-208  treated  miee 
(Fig.  4d).  Bones  from  male  miee  treated  with  the  highest  dose  of 
SD-208  had  twiee  as  many  osteoblasts  and  half  as  many  osteoelasts 
as  the  vehiele-treated  eontrols  (Fig.  4). 

These  data  suggest  that  inhibition  of  TGF-P  signaling  inereases 
bone  mass  by  enhaneing  bone  formation  and  inhibiting  bone 
resorption.  Dynamie  histomorphometry  revealed  that  SD-208 
stimulates  a  dose-dependent  inerease  in  the  mineral  apposition 
rate  and  bone  formation  rate  in  male  miee  (Fig.  4e,  4f).  Female 
miee  showed  the  same  trend.  Colleetively,  these  analyses 
demonstrate  that  XpRI  inhibitors  inerease  bone  mass  in  mature 
miee  via  anabolie  and  anti-eatabolie  meehanisms. 
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Figure  1.  SD-208  inhibition  of  TGF-p  function  in  vivo.  Five  hours  after  TGF-p  administration,  SBE-Luc  mice  showed  increased  bioluminescence 
on  the  dorsal  and  ventral  surfaces  of  the  head  where  relatively  little  superficial  tissue  covers  skeletal  elements  (calvarial  bone  and  jaws)  (a).  Mice 
pretreated  with  SD-208  showed  less  basal  and  TGF-p-inducible  luminescence  than  vehicle-treated  controls  (a,  lower  panels).  SD-208  also  inhibited 
reporter  activity  in  SBE-Luc  mouse  calvarial  explants  cultured  overnight  with  TGF-p  (b).  SD-208  treatment  of  calvarial  explants  inhibits  expression  of 


the  TGF-p-inducible  gene,  PAI-1  [30],  but  induces  expression  of  Runx2  and 

[22]. 

doi:1 0.1 371/Journal. pone.0005275.g001 

ipRI  inhibition  promotes  osteoblast  differentiation  and 
inhibits  osteoclast  differentiation 

To  determine  if  the  ehanges  in  osteoblast  and  osteoelast 
numbers  and  aetivity  resulted  from  ehanges  in  eell  differentiation, 
bone  marrow  stromal  eells  that  were  isolated  from  vehiele-  and 
SD-208-treated  miee  were  examined  ex  vivo  in  osteoblast  or 
osteoelast  differentiation  assays  (Fig.  5a— 5e).  In  vivo  exposure  to 
SD-208  enhaneed  the  osteoblast  differentiation  (CFU-Ob,  Fig.  5a) 
with  no  deteetable  effeet  on  osteoprogenitor  reeruitment  (CFU-F, 
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osteocalcin,  osteoblast  marker  genes  that  are  targets  of  TGF-p  repression 


Fig.  5b).  Conversely,  marrow  stromal  eells  from  miee  treated  with 
SD-208  formed  fewer  multinueleated  eells  that  express  the 
funetional  osteoelast  marker  TRAP  (Fig.  5e).  Thus,  in  vivo 
inhibition  of  TpRI  with  SD-208  promotes  osteoblast  differentia¬ 
tion  and  inhibits  osteoelast  differentiation. 

To  investigate  the  effeet  of  TpRI  inhibitors  on  the  expression  of 
osteoblast  and  osteoelast  regulatory  faetors,  we  utilized  primary 
ealvarial  osteoblasts,  whieh  retain  the  eapaeity  to  differentiate  into 
mineralizing  osteoblasts,  and  have  an  intaet  autoerine  TGF-P 
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Figure  2.  Pharmacologic  TpRI  inhibition  increases  BMD.  DXA  was  used  to  measure  BMD  longitudinally  for  male  (a,  c,  e,  g)  and  female  mice  (b, 
d,  f,  h)  treated  with  or  without  the  ipRI  inhibitor  SD-208  at  20  mg/kg  or  60  mg/kg.  SD-208  treatment  at  the  60  mg/kg  dose  caused  an  increase  in 
total  body  (a,  b)  tibia  (c,  d),  femur  (e,  f),  and  lumbar  spine  (g,  h)  BMD.  SD-208  at  the  20  mg/kg  dose  increased  femoral  BMD  in  female  mice  (f).  Data 
represent  mean±SEM  (p<0.05,  as  determined  by  two-way  analysis  of  variance  (ANOVA). 
doi:1 0.1 371/journal. pone.0005275.g002 


regulatory  pathway.  As  in  calvarial  explants  treated  with  SD-208 
(Fig.  Ic),  another  ATP-competitive  XpRI  kinase  inhibitor, 
SB431542,  inhibits  the  expression  of  the  TGF-P-inducible  gene, 
PAI-1  [30],  in  primary  calvarial  osteoblasts  (Fig.  5d).  As  shown 
previously  [22],  Runx2  expression  was  reduced  after  48  h  of 
treatment  with  added  TGF-P  (Fig.  5d).  In  contrast,  XpRI 
inhibitors  induce  Runx2  expression,  consistent  with  the  increased 
osteoblast  numbers,  bone  formation  rate,  and  osteoblast  differen¬ 
tiation  potential  observed  in  SD-208-treated  mice  (Fig.  4c,  4f, 
5a,  5d). 

RANK  ligand  (RANKL)  promotes  osteoclast  differentiation, 
function  and  survival  [21].  After  48  h  of  treatment,  XpRI 
inhibitors  reduced  the  expression  of  RANKL  mRNA  by 
approximately  50%  compared  with  the  mRNA  levels  observed 
in  vehicle-treated  primary  calvarial  osteoblasts  (Fig.  5e).  Xhe 
reduced  expression  of  this  osteoclastogenic  factor  is  consistent  with 
the  decreased  osteoclast  numbers  and  differentiation  capacity 
observed  in  SD-208-treated  mice  (Figs.  4d  and  5c).  However, 
RANKL  function  is  antagonized  by  osteoprotegerin,  the  expres¬ 
sion  of  which  is  also  reduced  by  XpRI-I  treatment.  Similar  results 
were  observed  after  2  h  of  XpRI-I  treatment  (data  not  shown). 
Xhough  the  inhibition  of  XGF-P  signaling  impacts  both  of  these 
critical  regulators  of  osteoclast  differentiation  and  function,  the 
relative  RANKL/ OPG  ratio  is  unchanged.  Xherefore,  the  effect  of 
inhibition  XpRI  function  on  other  factors  which  regulate 
osteoblast  and  osteoclast  function  was  investigated. 

Recently,  ephrin  B2  and  EphB4,  a  transmembrane  ligand  and 
receptor  respectively,  have  been  implicated  as  factors  that  couple 
osteoblast  and  osteoclast  activities  in  bone  metabolism  [32]. 
Bidirectional  signaling  between  ephrin  B2,  expressed  by  osteo¬ 
blasts  and  osteoclasts,  and  EphB4  on  osteoblasts  increases 
osteoblast  differentiation  and  inhibits  osteoclast  differentiation 

[32] .  However,  the  ability  of  XGE-P  to  control  ephrin  signaling  in 
bone  metabolism  has  not  been  reported.  Inhibition  of  XpRI 
function  significantly  increased  the  expression  of  both  ephrin  B2, 
the  ephrin  that  inhibits  osteoclast  differentiation  (Eig.  5f),  and 
EphB4,  the  Eph  receptor  that  induces  osteoblast  differentiation. 
XGE-P  signaling  crosstalk  with  the  ephrin  pathway  may  contribute 
to  the  anabolic  and  anti-catabolic  effects  of  SD-208  on  bone, 
though  additional  experiments  are  needed  to  establish  a  functional 
link.  By  affecting  osteoblast  and  osteoclast  differentiation,  numbers 
and  activity  (Figs.  4c-f,  5a,  5c),  the  XpRI  inhibitor  dramatically 
shifts  bone  toward  a  state  of  metabolic  anabolism. 

xpRI  inhibitors  increase  bone  matrix  mineral 
concentration,  material  properties  and  fracture  resistance 

Xhe  net  effect  of  XpRI  inhibitors  on  bone  is  increased  BMD, 
which  reflects  both  bone  mass  and  mineral  concentration  (Fig.  2). 
With  the  monochromatic  light  from  synchrotron  radiation.  X-ray 
tomographic  microscopy  (XXM)  permits  direct  quantification  of 
the  mineral  concentration  of  bone  matrix  with  an  8  pm  resolution 

[33] .  Analyses  of  femoral  bone  showed  that  SD-208  treatment 
resulted  in  a  higher  degree  of  mineralization  of  bone  matrix 
(Fig.  6a).  Xhe  SD-208-dependent  increase  in  mineral  concentra¬ 
tion  was  evident  in  both  the  diaphysis  and  epiphysis  (data  not 
shown),  suggesting  that  the  mineralization  of  both  cortical  and 
trabecular  bone  were  affected. 


Mineral  concentration  is  a  major  determinant  of  bone  matrix 
material  properties  [34].  Using  nanoindentation,  material  prop¬ 
erties  such  as  the  elastic  modulus  and  hardness  of  bone  matrix  can 
be  determined  independently  of  changes  in  bone  mass  or  structure 
[35,36].  We  have  previously  used  this  approach  to  demonstrate 
that  XGF-P  signaling  in  osteoblasts  regulates  the  elastic  modulus 
and  hardness  of  bone  matrix  in  genetically-modified  mice  [10]. 
Xreatment  of  mice  with  SD-208  increased  the  elastic  modulus  of 
cortical  bone  relative  to  vehicle-treated  controls.  Although  the 
measured  modulus  values  in  each  group  overlapped,  more  than 
half  of  the  measurements  in  vehicle-treated  bone  were  below 
28  GPa,  whereas  less  than  a  quarter  of  the  values  measured  in  SD- 
208-treated  mice  were  in  the  same  range  (Fig.  6b). 

Xreatment  with  the  XpRI  inhibitor  SD-208  affects  bone  on 
several  levels,  including  bone  mass  (Figs.  2-4),  bone  mineral 
concentration  and  bone  matrix  material  properties  (Figs.  6a,  6b). 
Xhese  observations  led  us  to  perform  macro-mechanical  testing  to 
evaluate  the  ability  of  SD-208-treated  bones  to  resist  fracture. 
Compression  testing  of  vertebrae  showed  that  inhibition  of  the 
xpRI  kinase  increased  the  load-to-failure  relative  to  vehicle- 
treated  controls  (Fig.  6c,  Xable  3).  When  the  femora  were  tested 
using  notched  or  unnotched  three-point  bending,  SD-208- 
dependent  differences  in  peak  load,  stiffness,  or  fracture  toughness 
were  not  observed  (Xable  4).  Xhe  increased  load-to-failure  of  SD- 
208-treated  vertebral  bone,  but  not  femoral  bone,  is  entirely 
consistent  with  the  increase  in  trabecular  but  not  cortical  bone 
volume  after  6  weeks  of  SD-208  treatment.  Xogether  these  data 
demonstrate  that  XGF-P  inhibitors  drive  functionally  significant 
and  coordinated  increases  in  trabecular  bone  mass,  mineral 
concentration  and  bone  matrix  material  properties. 

Discussion 

Here  we  explored  the  role  of  XGF-P  signaling  in  postnatal  bone 
by  systemic  administration  of  a  XpRI  inhibitor  to  mature  mice. 
Pharmacologic  inhibition  of  XGF-P  signaling  resulted  in  dose- 
dependent  increases  in  BMD,  trabecular  microarchitecture,  bone 
matrix  elastic  modulus  and  mineral  concentration.  Xhese 
coordinated  changes  in  bone  mass  and  parameters  of  bone  quality 
improved  the  ability  of  vertebral  bone  to  resist  fracture.  By 
targeting  key  regulatory  pathways  in  osteoblasts  and  osteoclasts, 
xpRI  inhibitors  increased  the  number  of  osteoblasts  and  the  bone 
formation  rate,  while  reducing  osteoclast  numbers.  Xherefore, 
xpRI  inhibition  elicits  both  anabolic  and  anti-catabolic  activities 
to  improve  bone  quality. 

Xhe  xpRI  inhibitor-dependent  increase  in  tibial  BMD 
exceeded  the  physiologic  increase  in  BMD  over  this  time  period 
or  those  induced  by  comparable  regimens  utilizing  clinically 
available  bisphosphonates  or  PXH  [31,37].  XpRI  inhibitors  may 
have  more  profound  effects  since  they  both  stimulate  bone 
formation  and  inhibit  bone  resorption,  rather  than  the  uncoupled 
effects  of  PXH  to  stimulate  osteoblast  activity  or  bisphosphonates 
to  inhibit  osteoclast  activity.  Xhe  effects  of  the  XpRI  inhibitor  on 
adult  bone  are  consistent  with  the  developmental  bone  phenotypes 
of  mice  with  partial  inhibition  of  XGF-p/Smad  signaling,  as 
observed  in  Smad3-I-/—  mice  or  DNXpRII  mice  that  express  a 
dominant  negative  XGF-P  type  II  receptor  in  osteoblasts  [7,10].  In 
contrast,  more  complete  inhibition  of  XGF-P  signaling  in 


PLoS  ONE  I  www.plosone.org 


5 


April  2009  |  Volume  4  |  Issue  4  |^275 


ipRI  Inhibition  in  Mature  Bone 


B 


O 


> 

CQ 


Trabecular  bone  volume 


Male 

Tb.N 

Female 

Vehicle 

3D-208  20mg 

ic-k^ 


Male  Female 

Conn,  Dens. 


E 


0,2- 


E 

E 


0,1- 


0.0 


Male  _  Female 

Tb.Sp 


*p<0,05 

SD-208  60mg  **p<0.01 

***p<0,001 


Figure  3.  Pharmacologic  TpRI  inhibition  increases  trabecular  bone  volume.  Micro-CT  images  show  increased  femoral  trabecular  bone 
volume  following  SD-208  treatment  in  male  and  female  mice,  relative  to  vehicle-treated  controls  (a).  Quantitative  analyses  show  that  SD-208 
increased  trabecular  bone  volume  (BV/TV,  fraction)  (b),  connectivity  density  (c),  and  trabecular  number  (d),  but  decreased  trabecular  spacing  (e)  in 
male  and  female  femora.  Data  represent  mean±SEM  (p<0.05,  as  determined  by  one-way  ANOVA  Newman-Keuls  multiple  comparison  test). 
doi:1 0.1 371 /journal. pone.0005275.g003 
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Table  1.  Trabecular  bone  structural  parameters  are  affected  by  ipRI  inhibition. 
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Smad3  — /—  and  TGF-pi  — /—  mice  is  associated  with  low  bone 
mass  and  poor  bone  quality,  which  may  result,  in  part,  from  the 
significant  systemic  effects  of  Smad3  and  TGF-pi  deletion  [5,8,9]. 

Some  effects  of  XpRI  inhibition  on  bone  resulted  from  the 
reduction  in  osteoclast  numbers  and  differentiation  potential  in 
SD-208-treated  mice  (Figs.  4d,  5c).  This  in  vivo  response  is  striking 
because  TGF-P  has  been  shown  to  inhibit  and  promote  osteoclast 
differentiation  in  vitro,  depending  on  the  timing,  dose  and 
experimental  cell  population  [12].  TGF-P  can  act  by  binding 
directly  to  its  receptors  on  osteoclasts  and  their  progenitors,  or  by 
acting  on  osteoblasts  to  regulate  the  expression  of  osteoclast 
regulatory  factors,  such  as  RANKL  and  OPG  [6,7,23-25,38-40]. 
Though  the  current  study  does  not  explore  the  extent  to  which 
SD-208  affects  osteoclasts  directly  or  indirectly  through  osteoblast- 
dependent  mechanisms,  SD-208  can  directly  inhibit  osteoclast 
function  in  a  purified  osteoclast  precursor  population  (Guise, 
personal  communication).  In  addition,  XpRI  inhibitors  regulated 
osteoblast  expression  of  osteoclast  regulatory  factors  such  as 
RANKL,  OPG,  ephrin  B2  and  EphB4  (Fig.  5).  Likely,  a 
combination  of  direct  and  indirect  mechanisms  is  responsible  for 
the  anti-catabolic  and  anabolic  effects  of  XpRI  inhibitors  in  vivo. 

Treatment  of  mice  with  XpRI  inhibitors  resulted  in  increased 
osteoblast  numbers  and  differentiation,  and  increased  bone 
formation.  Consistent  with  these  data,  reduced  TGF-P  signaling 
in  Smad3-I-/—  mice  or  DNXpRII  mice  also  relieves  the 
suppression  of  osteoblast  differentiation  by  TGF-P,  which  is 
exerted  by  Smad3  and  histone  deacetylases  [22,41],  thereby 
contributing  to  increased  BMD  [7,10].  The  increased  osteogenic 
differentiation  in  response  to  XpRI  inhibitors  may  also  reflect  a 
decrease  in  repression  of  BMP  signaling  by  the  inhibitory  Smad6 
[42] .  Although  changes  in  Smad6  expression  were  not  observed  in 
our  experimental  conditions,  the  BMP  antagonist.  Noggin, 
reversed  some  effects  of  XpRI  inhibitors  on  gene  expression  (data 
not  shown),  affirming  the  previous  observation  that  increased 
BMP  signaling  contributes  to  the  osteogenic  activity  of  XpRI 
inhibitors  [42].  Therefore,  despite  the  ability  of  TGF-P  to  promote 
or  inhibit  specific  stages  of  osteoblast  differentiation  [13],  the  net 
effect  of  XpRI  inhibitors  on  osteoblasts  in  vivo  is  to  increase  bone 
formation. 

Ultimately,  the  ability  of  bone  to  resist  fracture  is  the  most 
clinically  desirable  outcome  [11].  XpRI  inhibition  increased  the 
peak  load  that  vertebral  bone  can  sustain  prior  to  fracture,  in  part 
due  to  the  potent  anabolic  effect  of  XpRI  inhibitors  on  trabecular 
bone.  Although  a  6-week  treatment  with  XpRI  inhibitors  was 
insufficient  to  increase  cortical  bone  mass  or  geometry,  it 
significantly  increased  the  mineralization  and  material  properties 
of  cortical  bone  matrix,  when  measured  using  high-resolution 
XTM  and  nanoindentation.  These  data  suggest  that  optimization 
of  the  dose  or  duration  of  therapy  may  result  in  detectable  changes 
in  cortical  bone  mass  and  macromechanical  behavior.  Further¬ 
more,  our  data  indicate  that  TGF-P  signaling  helps  define  bone 
matrix  material  properties  postnatally  as  it  does  in  development 
[10],  although  the  effect  was  more  modest  than  that  observed  in 
genetically  modified  mice.  Although  the  elastic  modulus  of  bone 
matrix  often  correlates  with  mineral  content  [1],  Smad3  also 
regulates  material  properties  independently  of  mineralization,  as 
has  recently  been  shown  in  skin  [43] .  The  mechanisms  by  which 
TGF-P  regulates  the  material  properties  of  extracelullar  matrices 
remain  unknown. 

In  conclusion,  pharmacologic  inhibition  of  TGF-P  signaling  in 
postnatal  bone  increases  bone  quality.  Coupling  of  osteoblast  and 
osteoclast  activity  may  be  critical  for  the  ability  of  TGF-P  to 
coordinately  control  bone  mass,  architecture,  and  the  material 
properties  of  bone.  Therefore,  therapies  that  produce  a  reliable 
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Table  2.  Cortical  bone  structural  parameters  are  not  affected  by  ipRI  inhibition. 


Male 

Female 

Vehicle 

SD-208  20  mg 

SD-208  60  mg 

Vehicle 

SD-208  20  mg 

SD-208  60  mg 

Cort.  CSA 

0.183±0.019 

0.182±0.016 

0.172±0.007 

0.155±0.007 

0.156±0.006 

0.1 52  ±0.003 

Cort.  Th. 

0.201  ±0.005 

0.178±0.006 

0.186±0.005 

0.186±0.011 

0.1 95  ±0.005 

0.1 88  ±0.004 

Total  CSA 

0.329±0.038 

0.346±0.035 

0.405  ±0.025 

0.281  ±0.01 7 

0.285  ±0.01 5 

0.281  ±0.007 

Perios.  Perim. 

1.05  7  ±0.098 

1.202±0.081 

0.986±0.057 

0.964±  0.047 

0.977  ±0.045 

0.958±0.017 

Diam.  Mid 

0.592±0.017 

0.546±0.017 

0.577±0.004 

0.554±0.012 

0.555  ±0.005 

0.560±0.010 

Shaft 

Med.  Area 

0.1 82  ±0.040 

0.218±0.098 

0.214±0.019 

0.1 05  ±0.009 

0.1 09  ±0.008 

0.110±0.005 

Endosteal 

0.761  ±0.078 

0.891  ±0.233 

0.729±0.055 

0.571  ±0.049 

0.596±0.038 

0.614±0.020 

Perim 

Mid  Diam 

0.447  ±0.054 

0.427  ±0.077 

0.551  ±0.01 3 

0.352±0.008 

0.351  ±0.003 

0.343  ±0.011 

Micro-computed  tomography  was  used  to  assess  several  quantitative  parameters  of  cortical  bone  structure.  The  mean  values  and  standard  deviations  are  presented 
here. 

doi:1 0.1 371/journal.pone.0005275.t002 


reduction  in  TGF-P  signaling  may  have  significant  clinical  benefit 
in  the  treatment  of  diseases  characterized  by  low  bone  mass  and 
bone  fragility.  However,  XpRI-inhibition  may  be  counter- 
indicated  for  the  treatment  of  existing  bone  fractures,  where 
TGF-P  plays  a  role  in  fracture  repair.  Additional  studies 
evaluating  the  efficacy  and  potential  sex-specificity  of  the  mature 
skeletal  response  to  XpRI  inhibitors,  particularly  in  ovariecto- 
mized  animals,  would  be  needed  to  determine  their  potential 
therapeutic  value  for  post-menopausal  osteoporosis.  Careful 
consideration  of  safety  is  essential,  given  the  critical  role  of 
TGF-P  in  normal  physiological  processes  including  the  control  of 
cell  proliferation,  differentiation,  and  apoptosis  in  many  tissues. 

Materials  and  Methods 

Ethics  Statement 

In  all  studies,  mice  were  handled  and  euthanized  in  accordance 
with  approved  institutional,  national  and  international  guidelines. 

XPPI  inhibitor  treatment 

Four-week  old  male  and  female  C57BL/6  mice  were  treated  for 
6  weeks  with  vehicle  (1%  methylcellulose)  or  SD-208  (20  mg/kg 
once  daily  or  60  mg/kg  twice  daily)  by  gavage.  As  described,  SD- 
208  is  a  specific  inhibitor  of  the  TGF-P  type  I  receptor,  developed 
by  Scios,  Inc.  [17].  Based  on  the  mouse  monitoring  parameters  of 
our  treatment  protocol,  no  adverse  effects  of  SD-208  on  mouse 
health  were  detected  during  the  study.  At  10  and  3  days  prior  to 
euthanasia,  an  intraperitoneal  injection  of  calcein  (Sigma  G-0875, 
0.02  mg/g)  was  administered  to  all  mice.  Forelimbs,  hindlimbs, 
and  spines  were  collected.  For  studies  using  SBE-luciferase  mice 
[29],  mice  were  treated  with  vehicle  or  60  mg/kg  SD-208  as  above 
for  3  days,  prior  to  an  intraperitoneal  injection  of  TGF-P  1  (10  pg/ 
kg).  Five  hours  later,  mice  were  administered  luciferin  (150  mg/kg) 
intraperitoneally,  anaesthetized  with  isoflourane,  and  imaged 
10  minutes  later  using  a  bioluminescence  imaging  system  (Xeno- 
gen). 

Bone  mineral  density  (BMD)  measurement 

BMD  was  measured  using  a  PIXImus  mouse  densitometer  (GE 
Eunar  II,  Eaxitron  Corp.,  Wheeling,  IE)  (N  =  15/group).  Total 
body  measurement  was  performed  excluding  the  calvarium, 
mandible  and  teeth.  Regions  of  interest  were  defined  as  the  distal 


femur  and  proximal  tibia  just  beneath  the  growth  plate 
(12x12  pixels)  and  the  lower  lumbar  spine  (20x50  pixels).  Values 
were  expressed  as  percentage  change  in  BMD  over  the 
pretreatment  scan. 

Histomorphometry 

Eor  demineralized  bone  histomorphometry,  tissues  were  fixed 
for  48  h  in  10%  formalin,  demineralized  in  10%  EDTA  for  2 
weeks,  and  embedded  in  paraffin  to  generate  3.5  pm  longitudinal 
sections.  Trabecular  bone  volume  of  the  secondary  spongiosa 
(BV/TV%)  and  osteoblast  number  (N. Ob/high  power  field)  were 
measured  on  hematoxylin  and  eosin  stained  sections  of  the  distal 
femur,  proximal  tibia,  and  lumbar  vertebrae  (N>12  mice/group). 
Tartrate  resistant  acid  phosphatase  (TRAP)  stained  sections  were 
used  to  quantify  osteoclast  number  (N.Oc/BS/mm).  Dynamic 
bone  histomorphometry  was  performed  on  7  pm  thick  sections  of 
mineralized  lumbar  vertebrae  embedded  in  methylmethacrylate 
using  standard  procedures.  The  mineral  apposition  rate  (MAR, 
pm/day)  and  bone  formation  rate  (BER/BS,  pm^/pm^/day)  were 
measured  on  vertebral  trabecular  bone  using  fluorescence 
microscopy  to  visualize  calcein  labels  as  described  [44]. 

Micro-computed  tomography  (micro-CT) 

Eormalin  fixed  tibiae  and  femora  were  imaged  with  micro-GT 
using  a  microGT-40  (Scanco  Medical  AG,  Bassersdorf,  Switzer¬ 
land)  using  a  voxel  size  of  12  pm  in  all  dimensions  (N>12  mice/ 
group).  The  region  of  interest  comprised  240  transverse  GT  slices 
representing  the  entire  medullary  volume  with  a  border  lying 
approximately  100  pm  from  the  cortex  [45].  Morphometric 
variables  were  computed  using  direct,  three-dimensional  tech¬ 
niques  that  do  not  rely  on  assumptions  about  the  underlying 
structure.  Eractional  bone  volume  (BV/TV,  Eraction)  and 
architectural  properties  of  trabecular  reconstructions,  apparent 
trabecular  thickness  (Tb.Th.,  pm),  trabecular  number  (Tb.N., 
mm  ^),  trabecular  spacing  (Tb.Sp.,  1/mm),  and  connectivity 
density  (Gonn.D.,  mm  ^)  were  calculated  as  described  [46]. 

Cortical  bone  assessment  by  micro-CT 

The  GT  images  of  the  mid-diaphysis  of  the  tibia  were 
segmented  into  bone  and  marrow  regions  by  applying  a  visually 
chosen,  fixed  threshold  for  all  samples,  after  smoothing  the  image 
with  a  three-dimensional  Gaussian  low-pass  filter.  The  outer 
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Figure  4.  Pharmacologic  TpRI  inhibition  increases  osteoblast  numbers  but  reduces  osteoclast  numbers.  Representative  H&E  stained 
sections  of  femoral  bone  show  the  SD-208-dependent  increase  in  trabecular  bone  in  male  and  female  mice  (a).  Histomorphometry  shows  that  SD-208 
increases  trabecular  bone  volume  in  the  femur  (b)  and  tibia  (data  not  shown),  as  well  as  osteoblast  number  (c)  in  a  dose-dependent  manner  for  male 
and  female  mice.  Osteoclast  numbers  are  reduced  by  SD-208  (60  mg/kg)  in  male  mice  (d).  Dynamic  histomorphometry  of  male  mouse  lumbar 
vertebrae  shows  that  SD-208  treatment  (60  mg/kg)  increased  mineral  apposition  rate  (MAR)  (e)  and  bone  formation  rate  (BFR)  (f).  Data  represent 
mean±SEM  (*p<0.05,  **p<0.01,  ***p<0.001,  as  determined  by  one-way  ANOVA  Newman-Keuls  multiple  comparison  test). 
doi:1 0.1 371 /journal. pone.0005275.g004 
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Figure  5.  TpRI  inhibition  promotes  osteoblast  differentiation  and  bone  deposition  but  inhibits  osteoclast  differentiation.  Bone 
marrow  isolated  from  male  and  female  mice  treated  with  SD-208  (60  mg/kg)  has  increased  numbers  of  osteoblast  colony  forming  units  (CFU-OB)  (a) 
with  no  change  in  the  number  of  colony  forming  units  (CFU-F)  (b).  The  number  of  TRAP-positive  multinucleated  cells  (TRAP-i-  MNC)  is  lower  in 
cultures  from  SD-208  treated  mice  than  from  vehicle-treated  controls  (c).  Primary  calvarial  osteoblasts  treated  with  ipRI-inhibitor  SB431542  (lOpM)  or 
vehicle  for  48  h  show  altered  mRNA  expression  of  PAI-1  (d)  and  several  osteoblast  and  osteoclast  regulatory  factors  including  Runx2  (d),  RANKL  and 
OPG  (e),  and  ephrinB2  and  EphB4  (f).  Data  represent  mean±SEM  (*p<0.05,  **p<0.01,  ***p<0.001,  as  determined  by  unpaired  f-test). 
doi:1 0.1 371 /Journal. pone.0005275.g005 
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Figure  6.  TpRI  inhibitors  increase  bone  mechanical  and  material  properties.  Analysis  of  each  pixel  from  XTM  scans  of  femora  show  that  SD- 
208  (60  mg/kg)  increases  bone  matrix  mineral  concentration  with  a  mean  of  1.90  g/cm^+/- 0.066,  relative  to  a  mean  mineral  concentration  of  1.54  g/ 
cm^+/-0.069  for  vehicle-treated  controls  (p<0.05,  as  determined  by  unpaired  f-test)  (a).  Analysis  of  elastic  modulus  values  from  nanoindents  applied 
to  tibial  cortical  bone  showed  a  similar  shift  (p<0.05)  (b).  Unconfined  compression  testing  of  vertebrae  from  male  mice  treated  with  vehicle  or  SD-208 
(60  mg/kg)  shows  an  increased  peak  load-to-failure  following  ipRI  inhibition  (p<0.05)  (e). 
doi:1 0.1 371/journal. pone.0005275.g006 

contour  of  the  bone  was  found  automatically  with  the  built-in  (MA)  was  calculated  as  TA-BA.  This  calculation  was  performed  on 

Scanco  iterative  contouring  tool.  Total  area  (TA)  was  calculated  all  30  slices  (1  slice  =  12.5  flm),  using  the  average  for  the  final 

by  counting  all  voxels  within  the  contoured  bone  area,  (BA)  by  calculation.  The  outer  and  inner  perimeter  of  the  cortical  midshaft 

counting  all  voxels  that  were  segmented  as  bone,  and  marrow  area  was  determined  by  a  three-dimensional  triangulation  of  the  bone 
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Table  3.  Macronnechanical  testing  of  vertebrae. 


Mean  values±SEM  for  macromechanical  tests  of  vertebral  peak  load  and 
stiffness  are  shown.  The  significance  of  differences  between  vehicle  and  SD-208 
(60  mg/kg)  treated  groups  is  indicated  with  p  values  (*p<0.05). 
doi:1 0.1 371/journal.pone.0005275.t003 


Table  4.  Macronnechanical  testing  of  femora. 


Male  Femora 

Vehicle 

SD-208  60  mg 

Peak  Load 

16.09  ±0.90 

15.55±0.52 

Stiffness 

40.32  ±5.59 

47.1 0±  1.40 

Fracture 

Toughness 

4.367  ±0.783 

4.755  ±0.509 

Mean  values±SEM  for  macromechanical  tests  of  femoral  peak  load,  stiffness 
and  fracture  toughness  are  shown. 
doi:10.1371/journal.pone.0005275.t004 


surface  (BS)  of  the  30  slices,  and  cortical  parameters  were 
calculated  as  described  [47]. 

Marrow  stronnal  cell  differentiation  assays 

Bone  marrow  stromal  cells  were  flushed  from  6  femora  and 
tibiae  per  treatment  group,  collected  by  centrifugation  (1500  rpm, 
10  minutes),  resuspended  (ocMEM,  10%  FGS),  and  incubated  for 
2  h  at  37°G.  For  osteoblast  assays,  cells  were  cultured  in  otMFM, 
15%  FBS,  50  pg/ml  ascorbic  acid,  and  10  mM  P-glycerophos- 
phate.  The  number  of  alkaline  phosphatase-positive  osteoblast 
progenitor  forming  colonies  (GFU-F)  and  Alizarin  Red-positive 
osteoblast  forming  colonies  (GFU-OB)  was  quantified  microscop¬ 
ically  after  9  or  28  days  of  culture,  respectively,  as  described 
[48,49].  For  osteoclast  progenitor  assays,  non-adherent  cells  were 
cultured  for  6  days  in  10%  ocMFM,  1%  FBS  and  10  ^  M 
1oc,25(OH)2  vitamin  D3.  Gultures  were  fixed  and  stained  for 
microscopic  quantification  of  multinucleated  (MNG)  TRAP-1-  cells. 

Tissue  culture,  RNA  isolation,  and  quantitative  reverse 
transcription  PCR 

Galvarial  explants  were  isolated  from  10  day  old  SBE-Fuc  mice 
and  cultured  overnight  in  DMFM  supplemented  with  10%  fetal 
bovine  serum  and  5  ng/ml  TGF-pi  in  the  presence  of  either 
150  nM  SD-208  or  an  equivalent  volume  of  vehicle  (1% 
methylcellulose).  Following  culture,  explants  were  moved  to  media 
containing  luciferin  (150  mg/ml)  for  immediate  visualization  of 
luciferase  reporter  activity  with  a  bioluminescent  imaging  system 
(Xenogen).  Fxplants  were  then  crushed  in  liquid  nitrogen  using  a 
mortar  and  pestle  prior  to  additional  tissue  disruption  in  Trizol 
with  a  Omni-GFH  homogenizer  (Omni  Scientific).  Following 
Trizol  extraction,  RNA  was  further  purified  using  RNeasy 
columns  (Qiagen). 

Primary  calvarial  osteoblasts  were  isolated  from  3  to  5 -day  old 
mice  and  cultured  in  osteogenic  conditions  as  described  [22].  Gells 
were  treated  with  a  commercially  available  TGF-P  receptor  type  I 


inhibitory  compound  suspended  in  DMSO  (SB431542,  Sigma)  for 
48  h.  All  other  cells  received  an  equivalent  quantity  of  DMSO  in 
the  presence  or  absence  of  TGF-P  (5  ng/ml).  Total  RNA  was 
purified  using  RNAeasy  columns  (Qiagen)  and  reverse  transcribed 
for  the  analysis  of  gene  expression.  Transcripts  were  amplified 
using  primers  sets  for  PAI-1  5'-AAGGAATTTAGTGAAAA- 
AGTGGAGAA-3'  (forward)  and  5'-TGGGGTGGAGAGATAA- 
GAGATG-3'  (reverse),  Runx2  5'-GGGAGGGAGGTTTAGG- 
TAGA-3'  (forward)  and  5'-GAGGGTGAAGAGGATGATTG-3' 
(reverse),  OPG  5'-AGAGGAAAGGTTGGAGGTGG-3'  (forward) 
and  5'-GTGGTGTGTGGTGAGGTTGG-3'  (reverse),  RANKF 
5'-GAGGATGAGGTGAAGATAGT-3'  (forward)  and  5'-GGAA- 
GATGTGTAAGATGAGG-3'  (reverse),  FphrinB2  5'-TGGAA- 
GTGGAAATTTGTAGGG-3'  (forward)  and  5'-TGGTTGGTGT 
TTATGAAGGA-3'  (reverse),  FphB4  5'-GAAAGTATGGAGA 
GGGTGTG-3'  (forward)  and  5'-GGGGTAATAGGGAATTG- 
GAG-3'  (reverse).  Results  were  detected  based  on  amplicon 
binding  of  Sybr  Green  using  quantitative  RT-PGR  and  are 
representative  of  at  least  three  independent  experiments. 

X-ray  tomography  (XTM) 

XTM  studies  were  used  to  assess  the  degree  of  mineralization  of 
the  bone;  procedures  were  based  on  the  work  of  Kinney  et  al.  [33]. 
Whole  male  mouse  femora  were  scanned  to  determine  the  degree 
of  bone  mineralization  (N  =  3 /group).  Imaging  was  performed  at 
the  Advanced  Fight  Source  (AFS)  on  Beamline  (8-3-2)  at  the 
Fawrence  Berkeley  National  Faboratory  by  obtaining  two- 
dimensional  radiographs  as  the  specimens  were  rotated  through 
180°  in  0.5°  increments.  The  radiographs  were  reconstructed  into 
2,500  slices  by  Fourier-filtered  back  projection  with  a  4.5  pm 
resolution.  The  attenuation  coefficient  (mm~^)  of  each  pixel  relates 
directly  to  bone  mineral  concentration.  The  degree  of  bone 
mineralization  (DBM)  was  obtained  from  Fq.  (1): 

DBM=  *  C  (1) 

where  is  measured  attenuation  coefficient  at  pixel  z,  is  the 
attenuation  coefficient  of  organic,  is  attenuation  coefficient  of 
mineral,  and  C  represents  the  density  of  hydroxyapatite. 

Nanoindentation 

Dissected  male  mouse  tibiae  were  embedded  in  a  two- 
component  epoxy  resin  (Stycast  1266)  prior  to  sectioning  with  a 
precision  low-speed  saw  to  generate  mid-tibial  cortical  bone 
surfaces  for  nanoindentation.  A  nanoindenter  (Triboindenter, 
Hysitron,  Minneapolis,  MN)  with  a  Berkovich  tip  was  used  to 
evaluate  polished  samples  (0.25  pm)  under  dry  conditions  as 
described  [10].  Indents  were  applied  using  a  trapezoidal  loading 
profile  with  a  loading  rate  of  200  pN/second,  peak  load  of 
600  pN,  and  a  hold  period  of  10  seconds.  From  the  resulting  load- 
deformation  curves,  local  elastic  modulus  and  hardness  were 
calculated  as  described  [50].  Three  sets  of  20  nanoindentation 
points  were  performed  in  a  line  with  a  5  pm  separation.  Statistical 
analyses  show  the  mean  and  standard  error  of  the  median  elastic 
modulus  values  for  each  of  3  individual  animals  per  group. 

Macroscopic  mechanical  testing 

Whole  bone  strength  and  load  to  failure  were  determined  by 
mechanical  testing  of  vertebrae  and  intact  tibiae  for  at  least  12 
mice  per  treatment  group  as  previously  described  [45].  Thawed 
bones  were  hydrated  in  saline  for  1  h  before  testing  at  room 
temperature  using  a  MTS  858  Bionex  Test  Systems  load  frame 
(MTS  Systems  Gorp,  Fden  Prairie,  MN).  Vertebral  bodies  (F4) 


PLoS  ONE  I  www.plosone.org 


12 


April  2009  |  Volume  4  |  Issue  4  |  ^275 


ipRI  Inhibition  in  Mature  Bone 


were  prepared  with  flat  and  parallel  eranial  and  eaudal  ends  by 
removing  the  soft  eartilage  to  expose  the  bone,  prior  to 
eompression  testing  at  a  rate  of  3  mm/minute.  Tibiae  were  tested 
in  a  three-point  bending  eonfiguration  with  their  anterior  side 
down  on  two  horizontal  supports  spaeed  7  mm  apart;  the  eentral 
loading  point  was  displaeed  downward  at  0. 1  mm/ seeond  on  the 
posterior  surfaee  of  the  diaphysis  at  the  midpoint  of  the  bone 
length.  For  all  tests,  load-displaeement  data  were  reeorded  at 
100  Hz  (TestWorks  4.0,  MTS).  Curves  were  analyzed  to 
determine  measures  of  whole-bone  strength,  primarily  peak  load 
and  stiflhess  [47].  Load-to-failure  was  reeorded  as  the  load  after  a 
2%  drop  from  peak  load. 

Fraeture  toughness  testing  was  performed  on  at  least  10  isolated 
femora  per  eondition.  Thawed  samples  were  notehed  using  a  razor 
blade  followed  by  a  mieronotehing  teehnique.  Notehes  were 
evaluated  to  ensure  that  they  were  through-wall  but  notehed  less 
than  1/3  of  the  bone  diameter.  Samples  were  tested  in  37°C 
HESS  in  a  three-point  bending  eonfiguration  with  a  eustom-made 
rig  for  the  ELF  3200  meehanieal  testing  maehine  (ELF3200,  Bose, 
EnduraTEG,  Minnetonka,  MN),  in  general  aeeordanee  with 
ASTM  Standard  E-399  and  E-1820  [51,52]  and  as  previously 
deseribed  [53].  Seanning  eleetron  mieroseopy  was  used  to  image 
fraeture  surfaees  to  measure  the  eraek  area  and  point  of  failure. 
The  fraeture  toughness,  A'c,  was  ealeulated  using  a  stress-intensity 
solution  for  eireumferential  through-wall  flaw  in  eylinders  [43,54]. 
Maero-meehanieal  testing  was  performed  on  male  and  female 
femora,  with  no  SD-208-dependent  differenees  observed  in  either 
group. 

Supporting  Information 

Figure  SI  The  diaphysis  is  not  filled  by  trabeeular  bone 
following  SD-208  treatment.  Although  inereased  trabeeular  bone 
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